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Preface

The main problem scheduled for the year 1965 by the team working

on VLF problems since December 1960 is the explanation and

elimination of discrepancies between the results of theoretical

calculations and experimental measurements that still existed,

For this purpose all factors influencing the propagation of

VLF waves had to be studied theoretically and the experimental

methods of measurement had to be further developed. The improvement

of all apparatus used so far as well as the expansion of measure-

ments over much greater distances at which clear effocts are to

be expected according to theoretical considerations, are of speciel

importance. Measurements were conducted in German and Dutch mines

to explain the effect of different geological bodies on wave

propagation; furthermore, a number of conductivity measurements

were made. We mainly thank our "landlord" Bergrat Dipl. Ing. Kettner,

director of the Montan "erke Brixlegg for making it possible for

us to work and move -about freely with our measuring equipment in

the mines of Schwaz and St. Gertraudi.

He also gave us permission to install our mine lab, and some of

his miners did the necessary blasting. "n again want to express

our best thanks.

The directors of the Outch coal pit Oranje Nassau III m:ae it

possible for us (by special safety measures and by unsupported

galleries) to conduct an interesting measurement along a coal seam.

Vre want to thank them very much for their great efforts.

Furthermore I want to express my special thanks to the irectors of

the Salzgitter ore mine, Vereinigte Kaliwerke Saldetfurth, Siegerland

ore mine an( all those whc assisted us in our subsurface measurements.

Innsbruck, tIecember 1963 Wolfram Bitterlich



of a new VLP receiver. A completely new way was chosen to build

antenna circuits, amplifier circuits, and selective circuits

from different vier'points and by means of nuvistors. (See Fig. III).

The first results -:hich are p:romising show a progress in our -t

efforts to build an optimum receiving device. The sensitivity,

band width, and the signal-to-noise ratio were improved.

These studies will probably be published in 1964, as the

development is still being continued.

An easily porta61e measuring device was built and numerous

experiments in different geological bodies were made in-order

to determine the electrical iati of the rock, especially the

conductivity.

In 1963, 45 expeditions to mines and underground measurements

were made.

1.2 Field strength measuring device

The field strength measuring derice built in 1962 had to be improved F

in various respects.- In principle, ho7rever, the cornstruction

remained the same. The following items has to be pointed out:

(1.) Redesign of the Tnput stage; lowering of the noise level, and

at the same time increase of amplification. A-limiter circuit at

the input prevents this stage to be overdriven.

(2.) The selectivity was increased by building in a helical

potentio,,ter, simultaneously, the amplification was made more

constant (better than + 2db -nhen tuning over a frequency range
Ig

of 1 - 10). The frequency range of 30 cps - 3P kc/sec can now

be covered continuously in three ranges.

(>.) The use of a millivoltmeter proved to be very suitable so that

the antenna voltage on the amplifier input in this developed
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device can be read directly from the instrument. The scale is

calibrated in microvolts or millivolts. Voltages between 0.1

and 100 mv can be measured.

(4.) Special attention was paid. to the temperature stability of the

device, as the environmental temperature varied from 40C to

350 C. The circuit diagrams of Figs. 1 ,1 to 1,4 show that

considerable independence of temperature and fluctuations of

the operating voltage was reached by means of directly coupled

amplifier stages and sufficiently dimensioned negative feed-

backs. The operating voltage is kept constant by an electronic

circuit, battery voltage fluctuations from 20 v to 14 v having

no effect on the measuring accuracy.

(5.) A special calibrated oscillator ,as provided to make it

possible that the device can be recalibrated any time. It

produces rectangular voltalo pulses of approximately 1.3 kc/se,.

whose value is made independent of t1h environmental temperature

by means of careful statilization.

This calibrated volta -e is Led to the amplifier input in

"calibration" position. The indicator of the instrument can

be adjusted to the corresponwing calibration value by means

of the potentiometer P1.

t6:) In principle, the superheterodyne unit shorn in Fig. 1,4

remained unchanged. The only ditfference occurs in the ou' 2ut

amplifier which no contains complementary transistors in order

to avoid the use of any trvnsformers wiose magnetic stray field

might affect the antenna stages.

The field stren-cth meter b11I.. n.n^rn Aig to^ thcs principles

is shown in Fig. IV. The Cr-at advanzape of this de 'oe is

its reliable construction and its low weight.
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1, The amplifiers of the transmitter and the transitting

antennas

In principle, the battery-operated device rpmaitd unchanged,

but an autotransformer made it *ossible to reach a higher

output power. Fig. 1,5 shows that the antenna circuit can

thus be directly connected with the output transistors,

without involving any additi r al drawbacks. The operating

reliability was improvcd by using an overvoltage fuse for

output transistors. This is to avoid that short-term voltage

peaks which might occur e.g. by tuning to resonance by means

of the capacitor jcczae, destroy th: power transistors.

TLis protective circuit consists of heavy-duty diodes and a

sufficiently dimensioned buffer capacitor (11 mF).

As the capacitor decade in the improvcd amplifier of the

transmitter had been made stronCc- so that resonance voltages

up to 2000 v could occur without any damage, the mechanical

construction of the levice had also to be changed

correspondingly. The device was used mainly for measurements

in Germany and Holland. An amplifier of 1000 w was installed

in the St. Gertraudi mine in order to transmit over larger

distances. The levice delivered by the firm Bryan SAVAGE is

mains supplied. The frequency range of the amplifier at full

output power reaches 20 c.p, - 10 hc/sec. Especially in

connection with the transmitter antenna SA VIII (which will

be described be.low) with a vwinding surface of approximately

480 m2 , distance of more than 3000 m could be bridged without

any difficultiel.

Az -c have mentioned before, this transmitter was set up

in a special mine laboratory Thin rao necessary because of
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the available power and also because such a device has to be

set up under certain climatic ccnditions. The atmospheric

humidity had to be reduced from 10CF% to standard values, and

the installations had to be made with special care for such

poWers. Fig. I shows the transmitter and the mine lab. Two

separate antennas were fed with this device.

1. Pivoted frame: SA VII.

In order to make possible measurements under different angles ,

the existing frame in the "Bunte Kluft", with a winding surface

of 300 mn2, had to be reconstructed so that it can be used for

the provided power of 1 kw. For this purpose, it was necessary

to insulate the individual turns of the frame sufficiently.

Voltages that occur between the individual turns or also with

respect to ground exceed 2000 v, so that the plastics insulation

of the wires becomes insufficient. Therefore, the individual

Aires were installed at a certain distance in order to avoid

a direct contact of the wires. Fig. II shows the new antenna

whose dimensions on the -'hole remained the same, namely

3.8 m x 4 m coil area.

2. Fixed frame: SA VIII.

For measurements over larger slistances, a pivoted antenna

(SA VII, see above) coulJ not be used. The next step was

therefore the construction of a threefold frame with a -inding

area of 480 m2. The dimensions of this frame are approximately

4j r x 10 m. The antenna rras laid through vertical shafts and

the connecting galleries above Lni below, In this case it was

also important to inLvulatp hi 4otenna nire perfectly from the
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ground, otherwise a considerable portion of the output power

would have been lost.

Sufficient dimensioning of the wire cross section (2.5 mm2 Cu)

allowed us to choose the resistance of the #^to=& so small

that a current of more than 25 a passes through the antenna at

full output power. The two transmitter antenas differ by a

factor which can be expressed by winding area times antenna

current. The following values are obtained:

2
SA VII : 750 a-m

2
SA VIII : 1350 a-m

SA VIII is thus superior to SA VII by the factor 1.8. The only

drawback is the fact that SA VIII is nit pi"oted so that it

can only be used for measurements at one siLngle angle 4.

1,4 Mine laboratory

A special room with a power supply (380 v 50 cps) had to be

equipped for setting up the large mains-supplied transmitter.

As it was desirable that a number of measuring instruments should

be left permanently in the new lab, the atmospheric humidity in

the mine had to be reduced from 100% to standard values.

This is done by two powerful air drying apparatus. In order to

increase their efficiency, the room is permanently kept at a

temperature of more than 250C. It is very difficult to air-

condition the laboratory because the surrounding rock is very

dn. And the floor of the gallefy is covered witn percolating

water.

The mine lab shown in Fig. I is equipped with the following

devices:



(i) Low-frequency amplifier ranging from 20 cps to 10 kc/sec

with 1 kw output power.

(2) High frequency amplifier for frequencies ranging from

100 kc/sec to approximately 600 kc/sec with a maximum

output power of 1200 w.

This transmitter is intended to be used for conductivity

measurements. The theoretical bases of these measure-

ments are outlined in our second annual report (11 and

in (4].

(3) A number of instruments such as an oscilloscope, a

multirange voltmeter, an RC generator, an AF amplifier,

a VLF receiver, and a tube voltmeter.

The laboratory will become very important for future work,

because measurements of VLF transmitters and atmospherics over

extended periods of time are planned. The position of the lab

in the mine is shown in Fig. 1,21 (A). This site was chosen

because it offers the possibility of transporting heavy instru-

ments with the mine railway right to the mine lab, and because

antennas can easily be set up in its immediate neighborhood.
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Propagation measurements of VLF waves

As we have briefly mentioned in the preface, the experimental

studies of 1963 concentrated on two points:

1. The most important tasks were studies of propagation

in geological media which differ largely from those examined

so far. The excursion to Northern Germany and Holland yielded

a number of interesting results concerning this sphere of

problems. We conducted measurements in five different mines

in media of high conductivity and also in well insulating rock.

The possibility of measuring under simple geometrical conditions,

ioe. conditions under which 'the earth's surface can actually be

looked upon as a plane, was of great interest. Our theoretical

calculations are all based on this simplified assumption so that

the measurements made in the Tyrol are only approximately

comparable to the results obtained theoretically.

2. Measurements over very large distances, i.e. more than

one kilometer. They were expected to yield results concerning

our apparatus and especially the construction of devices that

would make possible transmission over still greater distances.

At the same time another problem could be solved, namely the problem

whether the sky wave or the ground wave is responsible for the

propagation. This problem is to be discussed in part III-

1.5 Salzgitter mine Konrad I (Germany)

The measurements conducted in the iron ore mine Konrad I yielded

number of very interesting results, as the conductivity of the

studied geological medium differs considerably from those studied

so far.
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The experimental results were comrared with the theory given

in fl] that holds for a dipole in an unbounded homogeneous

medium. As the conductivity ras unexpectedly high, the numerical

data given in 1] had to be calculated again for the special

values of conductivity and distance.

I. Theoretical considerations

According tc - theory developed in the second Annual VLF Report

(1962), whicn holds for a rvinetic dipole in an unbounded and

conducting medium, the maLUnetic field strength was calculated

as dependent on the distance r, the angle 4 and the

conductivity a. Below, the quantity A(see p.1 1 expression 40

and 41 in the above report) instead of the conductivity a

shall be considered to make the calculation more general,

otherwise the results "-ould be bound to a certain measuring

frequency, but this is to be avoided. For this purpose, the

function h(r,,&) (expression 52 of the report) was calculated

for a number of distances and conductivities.

The function

h(r,4,A) = exp(-Ar) cos2} + 2+ + 2 2) +
- r 2 2 r

2, 1 f -2 1/2+ sinA
r 4 r 3 r 2 r I

is calculated in Table T for the values A 4.86-10 - 2

-2 -2 -2 1

1.08"10 ; 35-10 7.7.10 -  1.09.10 For the

frequency 3 kcisec ured for *'ene -suremonts, the

conductivity would Ie 1 10 210 5.101



I - 10

1( -1 m1 ). The graphical representations shown in Figs. 1,6

through 1,9 give a good illustration of the directional pattern

as dependent on the distance at constant conductivity on the one

hand, and at a given distance as dependent on the conductivity

on the other hand. For a better survey, the value of the

function h(r,l3 ,A) was plotted in the diagram in radial direction

(logarithmic scale). Fig. 1,8 clearly shows the result

obtained previously, namely that the field strength component

H (in the direction-V = 900) for a certain conductivity has a

maximum at a given distance and frequency.

The definition of the function T(r,A) in the form

(IHI % = 0 °= =" 0 (2)

i= 9 00

proved advantageous for further studies. Table II gives some

computed values of this function which are plotted in Fig. 1,10.

By means of this function which on the whole is consistent with

the function V(r) in the report (see p. 16, expression 53), the

conductivity can be determined from the value of y(r,6) which

can easily be measured by experiment, and from Fig. 1,10 via

The considerable decrease of the value of the function

characterizing the far field of the dipole indicttes the

predominance of the component HV.

In the present report it shall not be discussed how far the

boundary of the medium can be neglected and how great the error

thus becomes, since the existing results at present are being

compared with the experimental data.

2. Measurements in the Salzgitter mine (Germany)- shaft region

Konrad I

The geological structure of this region is characterized by a
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variety of flat strata formed by repeated flooding by the sea. The

exploitable iron ore field of the Upper Jurassic is accompanied by

zones of marly limestone. The rock on top of the mine has an

average height of 1000 m, the inclination of the deposit to the

horizon being 220. The concentration of this oolitic ore is

approximately 30/, the average size of the individual brown

iron grains is 0.5 mm.

Suitable measuring sites with specific conditions in the mine itself

were not easy to find. Regions wuith wires of the mining railway,

power cables, or even iron formwork had to be avoided. Two short

drifts 18 and 25 m long in the 1000m bed seemed to be most suitable.

Despite the short distance between transmitter and receiver,

characteristic antenna patterns could be measured owing to the

high conductivity of the ore body - a d-c measurement yielded

a = 2.10 I(a-1m ). The working method for finding these diagrams

had already been described in detail in the above annual report.

The measurements with the receiving antenna were conducted such

that the antenna is revolvcd 3600 about its vertical axis at a

constant angle -. This rotation corresponds to a change in angle

between the dipole axis of the receiving antenna and the field

direction. The angle LPis the angle between the direction of the

dipole axis of the transmitter antenna and the direction to the

receiving point. The measured valuns obtained by this method are

given under U in Tables III and IV. Column Ue was obtained from

these values by averaging the measured values belonging to p, (+1800,

(±900. The mean values thus obtained are shown in Figs. 1,11 and

1,12. The third column givc the mean values Ue calculated by the

method of least squares, with allowance for the dejendence

e =e o .coso. According to Figs. 1,11 and 1,12, this dependence

on the angle 4 obviously dow; rot occur, since the minimum of the
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curve does not assume the value zero, but decreascs only down to a

certain fraction of the maximum value (see above). In this case,

the situation is probably more complex than it was shown by the

above theory.

The voltage induced in the antenna Calculated according to the law
ius Uind d d

of induction s 1IT 1  df .cosq, = - B.F.cosi (3).

If B is considered to be a constant vector which in the general case

-may be looked upcn as a resultant of the primary field and a series

of secondary fields, then it follows from the above equation that the

induced voltage becomes zero for the angle € = 900. Hence, no con-

-clusions-- can be -made from the measured deviation to the disturbing

eZfect of secondary-fields caused by the boundary of the ore body.

The most obvious assumption that

can still explain the measurement

is that of a highly inhomogeneous

field. In this case, the situation

''1 7 at the receiving antenna can thus be

-represented:.

a The induce- voltage canbe represented by the expression (4). The

angles I and +2 are different owing to the field inhomogeneity and

are interrelated-(see diagram) in the following way:
1

-4
Uind /-Bl COsOI + B2 " c0s+ 2  (4); +1 + +2 + a 1800 (5)

This relation can be substituted in (4), a being a measure of the

inhomogeneity. From these assumption it follows that the

induced voltage need not become zero for whatever value of

I' ift the receiving antenna is turned, i.e., if +1 is

changed. This is consistent with the actual observation.

Here, the effect is explained only qualitatively, not con-

sidering the reasons for the great influences cn the trans-
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mtter field. The following values of the function y(r,O) for

18 and 25 m are calculated from the two measurements:

y( r, A) r(m)

1.15 18

0.75 25

These values are plotted in Fig. .11.The value obtained with good

approximation for the conductivity by interpolation is

= 3.10 (Q m ). The error is no more than 25% which

considering the small distance is very good. Furthermore, this

conductivity is also consictent with that measured with direct

current: 2.10-2(( 1.m-1)

For a better understanding of Figs. E!A' tJA it must be added that

the envelope of all curves gives the field strength diagrams

represented in Figs. 1,bthrough 4,?. The conducted measurements show

that y(rA)<1 for a distance of 25 m, hence measurements for

distances of 50 m in the studied rock are already conducted in

the far field. This fact is of special interest, since the

conditions in the mines of Schwaz and St. Gertraudi are completely

different; here, y(rt) was found to decrease but slightly even at

1000 m. For this reason, detailed studies with allowance for the

upper and lower boundaries of the ore body can be expected to

yield interesting results.

1,6 Potassium mine Hansa III, Empelde near Hannover (Germany)

In Konrad I, the conductivity of rock was generally three orders

of magnitude higher than in the mines examined so far, in the mine

Hansa III, however, measure-ents were made in a medium whose

conductivity is so low that it can approximately be considpred
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an insulator. The measurements were made in a large salt block,

under conditions which, owing to the low humidity, suggested the

results to be similar to those measured in air.

The bottom of a bed 1000 m below ground was chosen as measaring

site, tecause it contained no rails and no cables; furthermore,

we used a number of gangways far away from power cables.

Despite the favorable measuring conditions, a number of unexpected

interferences occurred.

(1) Owing to the poor damping in salt bodies, considerable

interferences by the underground railways in higher gangways

were observed.

(2) The salt is being poured through inclined shafts.

Owing to the low content of humidity, it gets electrostatically

charged. Continuous discharges, howver, cause considerable and

irregular fluctuat'ons in deflection of the measuring instrument,

making exact measurements very difficult.

For the planned measurements, the transmitter was set up at

PP 107 (see Fig. 1,13) the antenna being aligned such that the

angular deflections for the individual points of measurement

remained as small as possible. Table V gives the measured

values for the individual points. The different tq values were

not taken into account in the graphical representation of Fig. 1,2%.

The magnetic field strength is plotted in arbitrary units so

that a larger number of measurements of several mines can be

represented in one figure. Furthermore, the individual curves

were shifted upward or downward in parallel; hence, conclusicns

from the position of two curves must not be made.
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The dependence h(r,0L,4) is given in Table IV and Fig. 1,14

with the angles 0 and 4. being changed at a constant distance

of 240 m. From this measurement the value of p(r,&) -,as

determined and found to be approximately 2. This result also

suggests that the conductivity of the medium is low.

Although damping in the salt body was poor, the transmitter GBR

which is very strong above ground could not be received anywhere

in the mine. Reception measurements were conducted 200 - 1000 ir

below ground. There are probably tio reau ns for this negative

result of the measurements:

(i) There is a layer of ground water at a depth of approx-

imately 180 m which contains much ialt and thus screens signals

from above ground completely, no matter whether they come from

coe VLF transmitters or atmospherics.

(2) The propagation mechanism of VLF signals is such that

there exists a considerable difference whether the wave penetrates

the earth's surface vertically or horizontally. The second

viewpoint is supported by a number of measurements in other German

mines where there is certainly no groundwater layer that contains

salt, and also by good receiving conditions in the mines of

Schwaz, Lafatsch, and Gertraudi, where the receiving conditions

were very good in similar or greater depths.

1,7 Ore mines of Fuesseberg and Georg (Siegerland - Germany)

The conditions in these two mines were similar to those in the

mines of Schwaz and Gertraudi. Iron ore (siderite) which is

4ic thro occurs in , thP 0 0+n' a seeplae, a nroxiv;m naIl%

10 m thick. In Fuesseberg it is straight, whereas in the Georg

mine it is shaped like a horseshoe (see Figs. 1,15 and 1,17)



I - 16

The measuring sites were chosen in such a way that most ef the

line connecting transmitter and receiver passed through ore,

or such that the points of measurement were in front of or

behind the plate. This arrangement made it possible that the

effect of an inhomogeneous medium on the propagation ofi VLF waves

could be studied. The curves that belong to Table VII and

Table VIII are shown in Fig. 1,20. On the whole, these curves

have the same course as those of our measurements in Schwaz [Sj

which indicates similar conductivity of the rock. Conductivity

measurements with direct currrnt which still have to be

discussed show that the dc, r:ci end the ore in the two mines

are of almost equal resistivity. Hence, a small difference

between the measurements in front of and behind the ore plate

is observed. Tables IX and X give the values of another

measurement made under the following conditions:

The transmitter ras placed at S2 in a gangway 100 m hi'.hor,

the axis of the transmitter antenna being horizontal so that

approximately equal angles '5 are obtain~d for all points of

measurement. Then, the field strength was measured at the given

points, the receiving antenna having a position that corresponds

to -= 00 (i.e. maximum input voltage). This measurement could

not be represented graphically, as the measured values depend on

two independent quantities, the aistance r and the angle . The

measurements given in the pro-sent report are mainly to be used

for comparing the experimental with the theoretical values of a

dipole aL a certain depth Lelow the earthts surface j7-1. Owing

to the comp;licated arrar ement, the evaluations have not been

completed as yet. In the dicussed cr>,, the distance between

transmitter and the earth's surface was approximately equal to
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the distance between transmitter and receiver so that a

noticeable deviation of the measured value from the theoretical

value of a dipole in an unbounded mnedium was to be expected

according to [7).

As in the case of Konrad I, the directivity patterns could be

plotted for several distances for both mines. Different from

the measurements in l(onred I, the curves here show a clear

minimur (see Tables XI - YIII, column U ). The effect of the

bounds of the ore plate is very small, because the electrical

properties of the two media differed but slightly. The

graphical representation of the measurements is given in

Figs. 1,16; 1,18; 1,19 the balanced values Ue being plottede

radially in linear scale.

1,8 Oranje Nassau mine in Heerlen. Fol]and

"IFassau III" nffered us the only possibility of measuring in

a coal mine. Owing to the way the coal is deposited there, we

had to measure in the direction of a seam approximately 2 m

thick. The managemient of the mine had ordered that timber-

propped -a]leries were driven into the rock so that there was

no iron in the i-mediate neighborhood of transmitter and

receiver. The two receiving sites were placed at a distance of

300 and 500 m from the transmitter. The transmitter antenna

had an angle of ,= 00 and '= 900 with respect to the receiving

point. "Ye were surprised to find that our conductivity measure-

ments with direct current showed the coal to be of poor conduc-

tivity, whereas the rock above and below it is highly conductive.

The next chapter vill give the values of d-c measurements which

show a great iiffercncc bct:r .n oa! rind dead rock. Hence,
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propagation in this case took place along a thin layer of poor

conductivity, bounded by two media of high conductivity.

A geometrical arrangement of this type whicn in principle is

found in every coal mine, seems to be suitable for the

propagation of VLF waves according to the results of the

measurements. We have therefore planned theoretical calcula-

tions for studying the propagation in a "sandwich".

Unfortunately, these problemis cculd not be sufficiently

studied on the spot, but Ihe fcllowing factors seem to be of

special importance for the propagation along a coal seam:

(1) Thickness of the seam Ps compared to the total

distance between the transmitter and receiver. The conduc-

tivities of the different rock layers are assumed to play a

decisive part, since the -iav length in the medium is more

reduced at higher conductivity. The ratio between wave length

and dimensions will also be d ecisive.

(2) The measurements suggest that the antenna alignment

with respect to the coal seam and to th tra:ismitter - receiver

direction is important. This means that optimum propagation

is reached in a given direction for a certain angle kwhich

must be other than 00 or 90c .

Some measurements have sbown that damping in the adjacent roc'

is e;.tremely high so that signals above grcunid are practically

screened off atdepths of no more than 250 m.

The measured values of field strength for distances of 225,

Z7( C A a cvenn ivn r Y TV nr; Pirt. 1 -';)0- %r '-ra na

the measurement at i-'= 00 an,- C, o, the value 0,22 was

determined fr r the f1,:w-tion )(TL) efiAned in (8). This
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corresponds to an average conductivity of r = 10 3 Ohm-1 Mn1

at a frequency of 3 kc/sec. Considering the highly heterogeneous

medium, this value is to be looked upon as a pure mean value.

This can also be seen from the values of d-c measurements

determined at several limited points.

1,9 St. Gertraudi mine

Besides our measarements in German mines, we also conducted

detailed studies in nearby Tyrolese mines. The geological

conditions are well known (as far as they influence the

propagaticn of VP waves), and we therefore concentrated on

measuring over very large distances.

For this purpose, the 1 kw transmitter mentioned above was set

up. Being a mains-supplied instrument with a power consumption

of almost 3 kw when in full operation, it had to be set up

permanently in the mine. The oosition of the laboratory was

chosen so that the distances accessible for measurements in the

St. Gerti-audi mine are as large as possible. Fig. 1,21 shows

tiat the maximum distance is approximately 1.5 km. The region

is especially suitable, because it contains no rails or other

equipment.

The advantage of a powerful but stationary transmitter, however,

also entailed the drawback of the transmitter antenna having to

be fixed in a system of galleries in order to utilize the whole

output power. The antenna thus cannot be rotated. The fixed

SAVIII transmitter antenna has been used for most of the measure-

ments in St. Gertraudi. The problems discussed in part III made

measurements over distances 1rger than 1500 m necessary. For
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this purpose, a number of measurements had to be made at ground

level, i.e. at zero depth. Hor far these measurements are

meaningful will also be discussed in chapter III.

Let us now discuss a measurement made at a frequency V - 3kc/sec

(as in the last annual report). The range of distances was

approximately 100 m - 3.3 km (Fig. 1,21), the measurements on the

western drift being continued on the earth's surface from a

distance of 15 km onwards. The SAVIII fixed frame was used as

transmitter antenna. The accuracy of measurement was considerably

increased by repeating the meacurement and by using several

receiving antennas. The antennas EA IV, EA VI, and the calibra-

tion coil ESP described n [1] were used as receiving antennas.

The received voltage had to be reduced to the calibration coil

in order to make comparisons possible, because the three antennas

have different sensitivities. These values are given in

Table XV column U and plotted in Fig. 3,1. When measuring with

th fixed frame, a correction of the values, i.e. reductioi

of the measured values to the angle = 00 proved impossible and

the measured points plotted i.n Fig. 5,1 show certain deviations.

The present transmitter antenna, which cannot make full use of

the new amplifier, cannot be used for measuremert3 over

distances greater than 4 kio. There are therefore plans to build

a much larger frame in the near future which will make possible

measurements over a distance at least three times as large

It will then be possitle to conduct transn.ission and reception

experiments betwecn the Schwaz and St. Gertraudi mines, which

are 10 km apart. Since the sensitivity of the receiving antenna

may also be improved (very promising experiments have already

been made), wo may expect to reach rnuch greater iistances still.
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The favorable position of the mines in the Tyrol, the maximum

LhStences between the individual mines being 10 kmn, proved very

advantigeous.
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1,10 Determination of the electrical conductivity of rock

A four-electrode configuration (usually the Wenner configuration)

was used for determining the conductivity of various parts of

rock (mainly in mines). Only direct current was used for this

purpose. It was the purpose of this examination to determine

the conductivity of those regions in which the propagation of

VLF waves was measured.

1. Theoretical considerations:

According to the analogy between an electrostatic field and

a steady electromagnetic field, a point electrode in a

homogeneous body with the conductivity a produces a potential

I
given by p = I in the receiving point P. If there is a

second electrode with the current ( - I) in this medium, the

potential difference between the points S1 and S2 (Fig. 1,22)

is calculated as follows:

= U = k k K- - -- - + r
4T r1 2 r1 r2

or

4 k (

S1  S2

/

R1 ,

R/ ---

E1 Fig. 1,22 I2

If the electrodes are not in a full space, but on the surfaoe

of an unbounded homogeneous somispace, equation (i) goes over

into
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I
U k

or I k (2)
2rU

If the electrodes E and F2 as well as the probes S1 and S2

are arranged al. g a straight line at the distance a (V'enner

configuration), k becomes 1/a.

2. 'Measuring arrangement (Pig. 1,23 and Fig. V)

External circuit:

Two 6-v lead accumulators connected in series feed a motor-

generator whose secondary circuit provides a smooth direct

voltage of 250 v. This voltage is aprlied to the electrodes E1

and E2 via an ammeter having several ranges of measurement. If

the conductivity of the rock to be studied is high, the 12 v of

the accumulators instead of the 250 v generator voltage can be

applied to the electrodes via the instrument by means of

change-over switch.

Voltage measurement

The voltage U between the probes 31 and S2 has to be measurea

with a compensation circuit in order to eliminate the high

contact resistance (50 - 500 kohms) of the electrodes and probes.

A stabilizing circuit equipped with two transistors AC 125 and

a Zener diode OAZ 203 provides a constant voltare of 10 or 1 -

across a 50 kohms helical potentiometer (type Spektrol 860).

Tle compensation voltage on the slider of the pte ntio"nter 4

lead to the probe S2 via a 100 iitA zero indicator connected with a

transistorized d-c amplifier. 1,efore the input of th- amplific-

there is a second compensti-n circuit for comlensatinf the
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contact voltage and polarization voltage of the probes with the

elentrode current being switched off. The 2 kohms potentiometer

with central tapping has a logarithmic characteristic so that

the small values occurring frequently can be adjusted accurately.

The amplification factor of the d-c amplifier is 20. Thus, a

value of 5.10 -8 A can easily be read on the instrument. If an

extreme resistance of 1 Mohm is assumed between the probes, a

voltage change of 5.10 -2 v is necessary to produce a sufficient

deflection of the zero instrument. Frequent'y, however, an

accuracy in voltage measurement of 5.10 - 3 v can be reached owing

to the use of a built-in key and owing to the frequently 5mall

resis;ance between the probes.

3. Measuring accuracy:

If the quantities J, U, R2 , rI , and r2 have errors I i U' R

the error of a will be

\ _ (8)2 2 + 2 2 10)2 2 + (,)" = sz/ " I +  TU +  +al. R

If the errors are substituted in (3) and if the measuring error

of the unit distance je is substituted for the error 1r of the

distance measured according to iL = eLr, we obtain

1 2i = c 2U 2  1  2 1 2  e (r3 3-- + 3
4n U2  R

The error for the Wenner configuration will thus be

=12 + J 2 a
( 1 =r 2 -- +a, Ue 4 "2 -a(4)

(R1 r r2 a, rI1 R 2 = 2a).
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For the conducted measurements, the following maximum values are

to be substituted:

0 I U
- = 0,02 U- 0,05 pe = 0,02 a = 0,5

With these values, the relative error is 0.07. Thus, the

measurements in the most unfavoiable case will have an error

of 77 .

4. Measurements:

Electrodes and probes:

For electrodes as well as for probes, holes were made into the

rock by means of a spudding bit fed by an accumulator, which

filled with cotton wool soaked in a salt solution. Then,

steel studs were driven into the cotton wool to fasten the

wires for the measuring device. Although this method of

contacting yields very low contact resistances, the production

of electrodes for a large number of measuring points, would have

consumed too much time. Commercial bolt setting guns (Hilti

DX 100) were used to set steel nails into the rock for the below

measurements. This, however, was only possible in small cracks

in the rock. Two suitable sites were chosen for installing two

Wenner configurations at a vertical distance of approximately

10 cm in order to study whether the results of the measurements

are affected by a possible difference in conductivity in the

cracks filled with wet dust (Fig. 1,24).

a b c d
-4. + + +

--- a -- 11 a -+ a +

A B C DFig. 1 ,24
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The studs a, b, c, and d were placed into cracks, whereas the

studs A, B, C, and D were set into solid rock, their combination

being varied during the measurement. The effect of the cracks

carrying the electrodes was assumed to be negligible, as the

deviation from the mean value is < 3%.

The first measurement was made to determine the conductivity over

a large distance by means of the four-electrode method. For this

purpose, the configuration was chosen such that it seemed

justified that the expression for the full space should be

applied. A map is given in Fig. 1,25.

Measurements were conducted with probes on the ceiling and on

the walls of the gallery. The electrodes were made different,

measurements on these electrodes were repeated several times

after periods of some weeks, as the water level in the gaps of

this mine changes considerably. The below mean value of 32

measurements was obtained for the apparent specific conductivit3

on this measuring line.

a = 1.62.10 -4 mho/m
S

the deviation from this mean value being <8%. It has still

to be found out (by changing the distances of the configuration)

whether this value represents the actual d-c conductivity. For

this purpose, similar measurements over smaller distances were

also made.

First, studies were necessary to find out whether the measuring

results are affected by a diffr ice in conductivity of the

often thick and damp layer of dust and the rock below. For this

purpose, the theory of the stratified medium with a simplifica-

tion for only one layer was used. The results are shown in Fig. 1.26.
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The symbols have the following meaning:

k a -- ;1 a Ps
a+0 1 h p

p = resistivity of covering layer

Pl = resistivity of bottom

Ps apparent resistivity measured

tom was used as the smallest value of a. Studs mounted to a

pertinax rod and pressed toward the rock by springs were used

as electrodes and probes. Fig. 1,27 gives the result of one

measurement. The ordinate, however, gives ps instead of v and

the abscissa gives a instead of u.

Hence, a thin surface layer actually has a higher conductivity,

which is ineffective already at a = 0.30 m. We only conducted

measurements with larger a.

The neighborhood of the electrodes S2 Pnd E2 was studied in

detail. Fig. 1,28 shows a diagram of the used electrodes.

Various combinations of the electrodes were used as four-electrode

configurations, and the corresponding apparent conductivity was

determined. Table XVI shows the results;

These values differ consider'abiy from each other, the smallest

value being 0.74'10 -4 mho/m and the largest value Leing

3.00"10 -4 mho/m. The derived error of measurement was checked

by repeated measurements showing the results to be well

reprod',[ible. For equal electrodes, however, the values on the

whole increase if the probes are placed subsequently at FC, PI,

and HI. Owing to this regularity, the apparent conductivity is

assumed to have different values for two reasons:

(I) There are differences in the actual specific conduc-

tivity of the rock.
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(2) The differences are due to the effect of the gallery

which with a cross section of approximately 2 m by 2mis equally

large as the distances of the used configuration.

Some other measurements prove the two conclusions to be correct.

Four holes at a distance of two meters each (depth 2 m) were

drilled into the wall of a larger mine. The Wenner configuration

was used for determining a at different distances of thes

electrodes and probes from the surface. If as is always calculated

with the expression of a semispace regardless of the depth, it has

to inGrease with the depth provided the rock is homogeneous. The

result (given in Table XVII), hcwever, at this point is

ir.ependent of the depth, i.e., the actual conductivity increases

with the depth. This is confirmed by a measurement in which

Wenner configurations above this point were shifted, with the

distance a being constant (a = 0.5, 1, 1.5, 2, and 2.5 m). The

expected increase in a with a is shown in Fig. 1,29. Every

value is plotted in the diagram at the point M which is the

center of the configuration. Hence, the conductivity a changes

irregularly within the above limits already at small distances,

vertical to the configuration as well as along it. Similar

results were found also at other measuring sites.

The measurement below shows that the effect of the gallery cannot

always be neglected. Each of the two side walls of a gallery

was provided with a Wenner configuration having a = 1.5 m. The

site wes chosen such th.t cc was the same on either side (Fig. 1,50'

The value obtained for a is different, if the probes andS

electrodes are placed at diff-ernt 3iCs of the gallery.

rP-' In YV T - - n- ir m n. n e f
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calculated from the expression (1).

4 ----- - --- ---- 4.--...- 4

a b c d

a' b' c' d'

Fig. 1,50

The anrlogous values for a = 5 m coincide much better. Because

of the inhomogeneity of rock, this measurement was conducted for

several points by shifting the configuration always by 5 m.

Fig. 1,31 shows the result. The difference in the deviation of

the corresponding points of measurement is probably due to an

asymmetry in homogeneity with respect to the gallery. The

values measured at the same site with a = 10 m are in sufficient

agreement with allowance for the error limits plotted in one of

the curves (Fig. 1,32). This is assumed to show that, under

the given conditions, the effect of the space of the gallery

from this a-value onward can be neglected and that the

expression (1) yields the correct values for the conductivity

in homogeneous rock. In order to get a better idea of the

restrictions that are to be observed for determining the

conductivity in mines by the 1'enner configuration it is

desirable, that a general relation among the three parameters

cross section of the galleries, a and a be derived. This is

planned to be done in the continuation of this study.

After measuring in various parts of the mine with allowance for

the above experience, we may now say that the d-c conductivity
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changes within the values 0.5.10 - and .0.10 -4 mho/m given above,

the homogeneous ranges being but small. p;

5. Furthermore, the results of measurements in German and Dutch

mines which we visited in summer 1963, shall be summarized. Sn

(1) Salzgitter, mine Konrad 4

A highly homogeneous ore body whose conductivity is

3.1.10 mho/m. At the edge of this body where it is mixed

with dead rock, the conductivity decreases to 1.2.101 mho/n,

in dead rock (in the 1200 m gallery) to 3.0.102 mho/m.

(2) Hannover, potash mine Hansa Ill-Empelde

Measurements with the available device were impossible because

of the high resistivity. In any case, the conductivity is
smaller than . mho/m.

(3) Siegerland, ore mines Fuesseberg and Willroth

The ore of both mines is highly inhomogeneous and mixed with

dead rock. The results in ore and also in dead rock lie between

2.10 -4 mho/m and 8.10 -3 mho/m.

(4) Heerlen, coal mine Oranje - Nassau III

Coal showed a clear difference between the results in the

direction of the seam and those vertical to the seam.

Result: in dire.-tion of the seam a = 8.0"1 mho/m

vertical to the seam 7 = 1.5.10 - mho/m

The possibility of measuring in dead rock was restricted because

jof the iron props; the few measured values lie between 5.7.10
- 3

and 1.1"10 "2 mho/m.
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6. Specimen measurements, frequency dependence.

So far, the frequency dependence has only been measured for

specimens. For making the specimens, a cylinder with a

diameter of 5 cm was bored out of a larger piece of rock (Fig.. VI)

and was then cut into disks 0.2 - 1.0 cm thick with a stone

saw (Fig. VII). The loss factor and the capacitance of the

samples were measured in a measuring capacitor (Fig. VIII) built

for this purpose by a capacitance bridge (General Radio,

type 716 - C) under different conditions. From these values,

a and E were calculated. The humidity and the porosity of the

specimens were determined from the difference in weight before

and after drying at 1250C for 24 hours.

In the present report we only want to discuss a few results in

brief, namely the values obtained for two specimens (D1 and D2 )

from the St. Gertraudi mine, two ore specimens (S1 and $2) from

the Salzgitter ore mine, and two specimens (G1 and G2 ) from the

Willroth mine. The two specimens are always chosen from a large

number of specimens being nearly equal with respect to their

electrical properties. D1 and D2 consist of dolomite of low

porosity (pore volume approximately 0.12% of the total volume),

S1 and S2 are of oolitic ore of much greater porosity (pore

1 2volume approximately 14fl, and C1 and C2 are ore specimens mixed

with dead rock, whose porosity is somewhat higher than that of

dolomite differing considerably in various specimens - in contrast

to the specimens D and S. The electrical properties vre first

measured immediately after cutting the specimens, i.e. in a

largely natural state. The specimens were then dried and the

measurements were repeated. The third measurements were made
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with the specimens saturated in distilled water. The va is of

L and a are given in Table XIX and Figs. 1,33 eni,34

The values for a are all several powers of ten smaller than

those measured with direct current in outcrops. Thus it seems
14

that boring and cutting the specimens changes their electrical

properties considerably, and hence that t.e frequency curves for

the conductivity measured for the specimens are completely

different from the d-c values measured in outcrops. On the

other hand, since the factor between the values at 100 cps and

10 kc/sec is two powers of ten at least, it seems necessary thrt

the frequency dependence should also be measured at the outcrop.

For this purpose, a second transmitter was set up in the

St. Gertraudi mine lab (besides the Savage amplifier used for

propagation experiments) which also had an output power of I ,w

and was suitable as a voltage source. However, our work on the

measurement of the frequency dependence of conductivity in the

outcrop has no.t progressed far enough for the results to be

discussed in the present report.
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TABLE I

Calculation of the func-on

h ex(-r) 4 c° 2r ( + + 2 + sin2j 2 a
h,49,6) = ,r -r 2 (1 2f4 2 ) ++i

r 22 r r r4 r3
2 .2 1+--- + r+ 4 z 2

r

f = 3 ko/sec

r 'A= .1- 2 2 -2
11.085.10_ 3.45-10.2 4.86.10- 2 7.7.10 1.09.10

1 ) 10-1 2 -1 5"10 1

-3-1
'12 .1 1 .710~j50 !,.2 .10 j.79 1 :97-10 1.79 1.- 1.58.10

10m60 11 .10-3 1.74 10" j. 3.10 -_ 1.6610' 1.4 10
lo 2.5 1.103 1.34 0 .10 3 11.58.10-" 1.3.10-3
ilo ig5 .1o- -3 , -o ! 9 o 3o,
3 0 i2.26.10- i2. 13.1o-t )2.O.lO- '1.65i10 - 1.36.10-a

20 ta160 11.67.10- 1.7P.10-1 1.77.10-4  1.7610-  1.6 . 13--i90 1 1 .54.t0-3 1.65.10 1.22 10 1.7.1o
04 -45210 -A- - -7

3 .i 5 o 10. 1 5 5 5.68.101 ( 106 6- 1 3106

!50I. 9.0- ;101 10" 7.20.10- 3.39.10, 6  1.51.10..
50 m160 1.0b.10- 1.1610- 19.60.10-5 5.05.106 2.0.16

90 2.90.10 -4 .23.104 11.04.10 - 4 5.70.10 2.33.10
-1581 43561 -4 20 -4 -8 -

10 ri6o 1.5210 4 17P0,10", .7.-10 1108 6.35.10:.-
, 1 7 4.94.108 1.07.108

1.356.10-" i96C.1 -  4,20.10 -  5.70.10 1.24.10

90 !.7. - .,-

70 '1.57.i 0-/- "l';.9" 0-0- 7.75.109 p.32.10:101
20U m 60 I1.6,4.1O_, 1110 5o.109 ' 5 . 7o. 1 0o -018.810 ,1.~30.10"1.50.10 6.55.10 - 1

-5o -1 --17I
0 . 10 9 2'9.10 - 5.6 .1 0 2 .61,

,30 1-.27.109 7_ 20 001 -61
500 m 60 2.03.10 16.5 9 .10 1 3 2.78.10 16 1

90 18.90.10 1 4.3.0 - 2 31

-7-t8-
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TABLE 1

Function (r,

o 10 2  -  2" 10-1 1510 - 1

10 2.02 1.93 1.83 1.'7 1.16

20 1.97 1.44 1.26 0.88 0.72

50 1.71 0.75 0.54 0.37 0.266

100 1.16 0.37 0.29 0. 182 0.125

200 0.65 0.2 0.145 0.09 -

500 0.26 0.081 0,059 -

TABLE III

Measurement I

= 0 r=18m 30$

U e ____

00 5-3 5.3 5.37 300 5 5 5.16

30°  4.5 4.6 4.65 600 4.8 4.5 4.46
60°  2.5 2.8 2.68 900 2.5 3.2 2.58
1200 0.85 0.9 0 12o 1.7 1.7 0
120 3.0 2.8 2.68 1500 2.3 3.2 2.58
1500 4.8 4.6 4.65 180 0 t.3 4.5 4.46i180 0 5.4 5.3 5-37 2-1J° 5.2 -- 5.16
330 4.8 4.6 4.65 00 4.2 4-5 4.46

;00 3.0 2.8 2.68 330 °  2.4 3.2 2.58

2700 1.0 0.9 0
2400 2.5 2.8 2.68
2100 4-5 4.6 4.65

00 5.3 5.3 5.37
& : 60°  90 0

U e ui Ue Ue fie Ue

60°  4.7 4.7 4,72 2700 4,-6 4.6 4.75
30 4.2 4.1 4.16 6o0 4.3 4.3 4.12
0 2.7 2.5 2.41 30 ,.7 2.5 2.38

330 0 .8 0.8 0 90 4,6 6-.6 4.75
2.1 2.5 2.41 1200 4.0 '+.3 4.120 0

2700_  4o 0 4.1 4.16 1~ 2.0 2.9 2.38
qou  4-0 4.1- A.-i6 180°  oi O_

0. -6 0
S120 °  2.4 2.5 2.41 210 °  2.7 2.5 2.38

1500 0. 8 0. 8 0 2400 /,.-3 4.3 4.12

S180 U  2.6 2.5 2.41I



TABLE IV

Measurement II

r =25 m

/ Ue Ue Ue U e e Ue

0 2.4 2.4 2.5 00 2.2 2.2 2.34300 2.0 2.2 2.16 30 2.4 2.4 2.7
600 1.3 1.6 1.25 600 2.3 2.2 2.34
900 0.85 0.85 0 900 1.8 1.7 1.351200 1.6 1.6 1.25 120 1.5 1.5 0

1500 2.2 2.2 2.16 150°  1.7 1.7 1.351800 2.4 2.4 2.5 1800 2.2 2.2 2.34
3300 2.2 2.2 2.16 330 °  1.7 1.7 1.353000 1.55 1.6 1.25 300 1.5 1.5 02700 0.85 0.85 0

,_- 600 = 900

Us Ue ue ' U Ue
600 3.4 3.4 3.3 900 3.2 3.2 3.18
900 2.8 2.8 2.85 600 2.7 2.7 2.741200 1.7 1.7 1.65 30°  1.75 1.6 1.59150 055 055 0 0 1.35 1.3 01800 1.6 1.7 1.65 1200 2.7 2.7 2.74

210 2.8 2.8 2.85 1500 1.6 1.6 1.59300 2.8 2.8 2.85 1800 1.3 1.3 00 1.75 1.7 1.65 2100 1.6 1.6 1.59
2,,0 2.7 2.7 2.74



Table V Table VII

transmitter at PP107 measurement 1; transmitter PP9;

f - 3 kHz; I = 075 a; SAVI f = 3kc; 1 = 3.5 a; SAVI;

receiving antenna EAVI

PP m - Ue[Iti PP m U e V)
e' Lg VZ eL -

51 435 130 1.5 8 67 4U °  3500

64 538 420 1.3 7 140 250 200

99 630 48 °  1.1 6 213 150 55

10 420 520 1.3 5 285 50 27

52 290 150 1.5 5.1 262 00 26.5

93 240 00 43 3.2 460 100 4.5

100 627 60 1.0 2 535 100 2.8

103 300 100 1-.5 2.1 520 0 2.4

Table VI

transmitter at PP107: f = 3 kc; r 240 m, receiver PP93

= o =-600

0 - 0 UIUe [IVe Ue V eLJ UeVJ

0 4 4.10 270 2.0 1.92

30 3.6 3.54 300 1.4 1.11

60 1.9 2.05 330 0.4 0

9o 0.3 0 0 1.0 1.11

120 2.1 2.05 50 1.9 1.92

'150 3.6 3.54 60 2.3 2.22

330 3.6 3.54 240 2.2 2.22

300 2.0 2.05 210 1.7 1.92

270 0.3 0 340 0.4 0



Table VIII Table Y,

measurement 1: transmitter S measurement 2: transmitter S2

f = 3 kc; I = 0 4 a, SAVI f = 3 kc; I = 0.7 a, SAVI

PP m Ue fAV) PP m 0o U ,j

1 35 52.7 503 60 57 210

603.1 80 16.5 c 160 58 60

4.1 130 10 603.1 164 46 33

4 135 9.2 d 222 -19 26

S1  156 22 42

1 125 28 60

4.1 81 37 130

Table IX

measurement 2: transmitter S2' f = 3 kc; SAVI; I = 3-5 a;

receiving antennas EAIV and EAVI

PP M 19o Ue (EAVI) U (EAIV) ULVJ

1 170 43 6 30 6.05

1.1 119 42 II 45 10.1

2 141 53 11 53 10.9

2.1 166 52 15 67 14.3

3.2 122 68 70 450 81

4 107 86 100 550 106

5 110 71 37 170 36

5.2 109 67 20 100 20.2

6 1_6 54 17 80 16.7

7.1 15; 42 11 52 10.8

7 150 43 13 55 12.2

8 180 34 8 - 8

8.1 1-82 54 7 35 7.1

9 202 30 4.6 25 4.9



Table XI

00 r = 262 m 1= 900

Ue Lv Uo VJ e eLt

0 24 24.1 265 18 17.8

330 21.5 20.8 240 16.5 16.1

300 14 12 210 11.5 10.4

270 0.5 0 175 0 0

240 1-0.5 12 180 3.3 1.55

210 10 12 300 14.2 14.6

180 24 24.1 330 7 7.52

30 20 20.8 0 3 1.55

60 11 12 3Q 11 10.4

90 0.5 0 60 16.5 16.1

120 14 12 90 17.5 17.6

150 21.5 20.8 150 6.4 7.52

Table XII

transmitter PPS1 , r = 35 m, f 3kc

-o- 900

180 53 52.7 270 30 30

150 47 45-5 240 27 26

120 28 26.4 210 16 15

90 1 0 180 2 0

60 23.5 26.4 150 14 15

30 45 45.5 120 25 26

210 45 45.5 90 30 30

240 24 26.4

270 1 0

300 27 26.4



Table XIII

r = 130 m, transmitter PPS1

u e [V] U [Vj U U

210 10.5 10.15 270 10 10

180 9 8'.8 240 8.6 8.65

150 4.3 5.07 210 5.0 5.0

120 0.2 0 180 0.8 0

90 4.8 5.07 150 4.6 5.0

240 8.8 8.8 120 8.4 8.65

270 5.0 5.07 90 9.6 10

300 0.2 0 300 8.6 8.65

Table XIV Table XV

transmitter: f = 3 kc, trans±itter: f = 3kc, I = 25a, SAVIZZ

I = 1 a, SAVIm OLC} Ue  ± 10%

r &9 Ue [AVl 185 39 72.5
280 33 2184

225 0 1 0 95sM 2 9.3
225 90 0.5 475 30 4,94
375 0 0.5 580 30 2.74

375 90 2.3 630 30 1.71

500 0 0.2 720 30 1.215

340 30 0.85

840 30 0.71

960 30 0.545

1040 30 0.45
1100 28 0.445

1-200 28 0.33

1270 27 0,344

1-320 27 O.262

1550 23 0.348

1-0 0 0,151

2000 27 0.088
26O0 24 0.107

3000 36 0.058

3300 4 0.0197



Table XVI

electrodes probes k J U a. 10-4 mho/m

D - K F - G 0.246 1.75 0.17 2.02
F - H C.45- 1.60 0.25 2.17

F - i 0.351 1.55 0.21 2.06

G - I 01C5 1.55 0.06 2.16

G - H 0.179 1.60 0.10 2.29

I - H 0,074 1.45 0.05 1.71

F - K G - H 0.275 1.15 0.12 2.10

G - I 0.222 1.20 0.11 1.93

I - H 0.053 1.25 0.032 1.65

H-I 0.OC' 1.10 0.075 0,74

D - H F - G 0.379 3.40 0.60 1.71

E - I F - G 0.253 6.60 0.67 1.99

F - H 0.356 6.70 0.86 2.21

G - H 0.103 6.60 0.18 3.00

; - L P - G 0.232 3.50 0.32 2.02

F - H 0.350 3.70 0.44 2.35

F - I 0.423 3.70 0.52 2.40

H - I 0.073 3.60 0.08 2.62

C - 1 C.I l 3.65 0.19 2.92

y - G - 7 0.214 2.60 0.20 2.21

G - 1 0.308 2.60 0.28 2.28

H - I 0.094 2.60 0.09 2.16

B - i O. 6 2.40 0.14 2.21

G - L H - 1 0.210 2.60 0.29 1.50

B - L F - I 0-.1-76 3 -50 0.225 2.18

A - 1 0.373 3.40 0.43 2.35



Table XVII

Depth ofDof 0 0.5 1.0 1.5 2.0configuration

(7 .10"4  2.02 2.12 2.27 2.05 2.01
s

Table XVIII

Electrodes Probes k J U 68. 10- 4

a - d b - c 0.667 1.62 0.321 2,68

a'-d' b'-c' 0.667 6.15 1.245 2.62

a - d b''c' 0.349 1.62 0.050 9.03

a'-d' b - c 0.349 6.15 0.192 8.87

Table XIX

A. Dried specimens

1) D 1 (Fig. 1,33; D1 1) D2 (Fig. 1,35; D21)

ftkcpsJ L R" E

10 4.11 9.25.10 -9  4.92 1.2510 -8

t00 4.09 1.22.10 - 7  488 1-4210- 7

2) S1 (Fig. 1,34; S11) S2 (Fig. 1,34; S2I)

ffkcps] E 6" E G_

0.1 23.7 8.410 -9  50.n 9.70.10 - 9

0.2 22.1 1.8-3.10 - 8  49.7 2.16.10 - 8

0.7 20.2 6.90.10 - 8  48.8 6.n6.10- 8

1 19.7 1.00.10 - 7  48.6 1.01.10 - 7

2 18.7 1.87.10 -7  48.0 2.6o.10 -7

5 17.4 4.3510 -7  46.3 9.80 -10-7

7 17.o 5.56,io 45.6 i.5o 0 -

1C 16.7 7.57"10 44.7 2.34 "106

100" 14.8 5.96.10- 6 38.1 3.33.10 -



Table XIX

B. Specimens saturated with distilled water

1) D) (Fig. 1",33; DI I), D 2 (Fig. 1,33; D2 11)

0.1 30.0 24510 - 8 65.0 1.2310 - 7

0.2 28.4 5.1310 - 8 53.8 2.10-10 7

0.5 25.2 1.511o - 7  43.8 4.38-1o -7

0.7 24.0 2.15.10 - 7  41.2 5.81410 - 7

1 22.6 3.o6.1o-7 -P-5 7O.99- 1 C 7

2 20.1 5.74. 0- 7  33'0 1.47"-10 - 6

5 16.9 1.45.10- 6 27.9 3.46.1o - 6

7 15.8 2.02.10-6 22.8 4.61.10 -6

10 14.4 2.88.10 - 6  19.4 6.28-10 - 6

100 7.2 1.71-10 - 5  " 7.8 2.42-1O- 5

2): S1 (Fig. 1,34;.S 1 II) S2 (Fig. 1,34; 52II)

kcps 3 E E

92.5 <4.72 -6 <.62. 1 0 6
2 60.6 5 -3 6 186.0 1.5510 5

5 37.9 6.37.10 -6  115.7 1.87.10 -5

7 34.0 6.8-5.10 - 6 103.5 2.'4-.10 - 5

10 31.0 7;75.1076 94.8 2.30.10 - 5

100 25.4 1.85.10 - 6 69.8 5.64.10 - 5

'3) G, (Fig.. 1,33) G2 (Fi.g. 1,33)

0.1 66.o 1.12.10 - 8  74-.9 7.631-0- 8

0.2 65.4 2.-2610 - 8 70.1 1.52.10 -7

0.5 64.1 8 -47- 8 62.3 4.12.10-

1 63.2 2.42.10 - 7  56.7 8.93.10 - 7

S61 -7 6

5 57.2 2.81.10- 35.3 5-02 " t 0

10 51.9 7.04-1 -06 26.4 9.n8" O6

20 45.7 1.53-10 - 5  19.6 1.-40. - 5

50 35-7 3.54.1-0- 5  13.4 2.11.1n-5

10o 29.2 7.04.10 11.2 3.,3.10 -5
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II. Theoretical part

2,1 Effect of quadrupole radiation

The following expression was obtained in Li ] for the field

strength HQ of a quadrupole (p. 17, expressions (56) - (59)):

H(r,-O ) =3a 0(3cos 2'O'-1) exp(-ik Er) [ r 2 ~ r3+

" k' 3k 2  61
a 2 sin2l5 exp(-ik r) - E 2 E + kE +6

In order to examine what effect these terms have on the dipole

field, we take the square of the whole field

H D + H I2  = ID2 + Q2

where Q is the corrective function to be estimated, which

is calculated as follows:

Q 2 ~ l, 1q 2 HDH1 2 (Q2+K)+ID 2  2  2
r r " a 0

"2 a 2 2 2  .o (3cos & 1)
L = m2 cosr = =2 Cos 2 1r

-2 a cos- 2 2 a 0oos2 - 1 -

= - 0- 1s r =  2 -- c s_ _ _ _r

m r~ rM CO~S 1r

The functionsQ 2 , -2 . 2
The' r lr were numerically computed

-j10LO -4 -3
for f = 3 lic/sec and A = - 7.69.10 4 , 2.43.10 - , and

2.43.1-0 (-see Table 2 ;!)
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Table 2 1

LN 7.69.10 -4  2.43-10 - 3  2.4310 -2  r(mi

2 0.20 0.20 0.20 10
lr

0.002 0.002 0.0039 100

2.2.10 - 5  9.2.10 - 5  2.6.10- 3  1000

2 3.24 3.24 3.24 10

0.03 0.03 0.04 100

2.56-i06 2.25.10 7.3.10 -  1000

2 0.9 0.9 0.9 10lr

0.09 0.09 0.138 100

0.009 0.015 0.081 loCo

2 -3.6 -3.6 -3.6 10

-0.36 -0.45 -1.98 100

-0.12 -0.19 -1.73 1000

Substitution of the values for r = 100 m, a = 5-10-4(mhos/m-J

and f = 3 kc/sec yields

2 = 0.37 -1 H12 o

q 2 = o.oo81HD12  - = 900

under the arbitrary assumption that ao/m = 1-.

Owing to this result,- the quadrupole terms are assumed to be

negligible freia a distance of 100 m onvard, since the assumption

a n m = 1 certainly describes the maximum effect of the

quadrupol e
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2,2 Effect of cavitjy

In our last annual report li, the effect of the cavity in

the form of an influencing secondary field in the surrounding

medium has been dealt with. This theory which in the considered

parameter range yields no measurable effect, was examined

critically and the result has again been confirmed. 17e now

want to give a br survey of these detailed considerations:

From the so: >n of the wave equation

2k A + 6A 0

we obtained

exp(-iklr) sinklr
Air (AB k cosO

exp(-ikiir)
Ailr = C r cos

exp(-ikir) sinkir
AI- (A r + B )sin,

kir

exp(-ikiir)AII = C sini%
II- r

where k = wave number of The medium in the cavity and

k 1I= wave number of the surrounding medium. The condi-Uions

of continuity are used to eliminate B. For C and A an equation

is obtained which gives the effect of the cavity in the form

of the change in C with respect to A. From [li (p. 19), we

obtain

E = sin(k ro)/k:r o - cos(kzro) k Ir°  x <

yielding
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rB E
Ell r (x sin x)/(sin x/x - cos x)

x2 x4
2 ---. - T . + . . . 2

X24 2 x4 x 2 3x2x4 x x-xc +x

which is valid to klr0 < 2"10 -1. Thus, we obtain

A0exp(-ikIr0 )(k I o " 3ki o - 3) = Cexp(-ikiro)(kiro- 3ikor -3)

(3 + 3ikir - k r )

C - A 22 exp(i(k -k))

(3 + 3ik 1 o - k2r o)

Since kIr0 1, kIIr 0 l, quadratic terms are negligibly small

with respect to unity (at an accuracy of 1%,). Hence,

1 + ikIr + ... i(kiI- k)r °@= A(. 1 )(1i+ 1! +='

1 + ikll r +...

k2 r2 _ k ikr

A (1 + 11r0 110

1 + ikllr0 +

Only terms of the second order yield a correcting contribution.

for kIr<10 and kiiro10- 2 , i.e. f <100 kc/sec and

r <300 m this correction is smaller than 1% and thus far below

the reachable accuracy of measurement.

2,3 Maximum moment of magnetic antennas

As the strength of the excitation of electromagnetic waves in

any point r is proportional to the antenna moment, we studied

what maximum change can be reached- by filling the antenna coil

with an iron core or a similar material of high permeability.
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From the well-known relation

In = ' I,

1 + 7)N 0

j11 In
where N is the demagnetizing factor and mo = - is the

moment of the unfilled antenna, it follows by a limiting

process
m

lim m 0

1L-o

i.e. that no more than the 1/N-fold of m0 can be reached by0

increasing the permeability. As m0 depends on I as well as ono

the geometrical dimensions of the coil, every coil filled with

material can be replaced by an air antenna with the same

moment, if the dimensions and number of turns are chosen

adenuately.

2,4 Sub-scale tests

The possibility of sub-scale tests in the laboratory was taken

into consideration as the theory studied so far requires certain

conditions as to the geometry of the range of measurement and its

physical properties (e.g. unbounded space, homogeneity, etc)

which are difficult to fulfill in practice. In our case,

however, such experiments proved impossible--mainly because of

the required high conductivity of the model and its frequency

dependence. A survey of the references in this connection has

-'V e- i Y MW I * j9



II - 6

2,5 Determination of rock conductivity from VLF-propagation

measurements

In the propagation of VLF waves the conductivity of the earth

plays an important role for the attenuation of these waves.

The conductivity was determined by extensive calculations for

a large range of all variables (conductivity a = 10- 5.0 7 2-m

frequency V = 1 cps - 100 kcps

distance r = 100 - 20 000 m)

The formulas used were derived with the aid of a Hertz potential

for a dipole in the di.ssipative medium. (Exact derivation see ill)

_ '_ 
1/2

- o r r 1/2
H" cB f (r, r) =1 4 7+ r +r -

r I r)

a = t.-. = 2To.

For purposes of clarity some of the values calculated are

compiled in Fig. 2,1. The conductivity of the medium is to be

concluded from the value of the atteinuation. In order to separate

two values of a, the corresponding value of B must have a

difference of at least 5 because of the ^-,5% measurement

inaccuracy. Only thus approximately safe conductivity values

can be obtained. Fig. 2,1 shows that only at r> 1000 m a

differentiation of the field strength received can be expected.

At a frequency of 1000 cps, only from -10 000 m upwards a

conductivity up to -5.10 - 7 can be determined from the attenuation.

At higher conductivities, approximately from 10- 5 upwards,

measurements give reasonable results already at 5000 m. At

500 cps, however, and a = 10-4 a measurement is expedient only
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at a distance of 20000m, i.e. a difference of 5c; is observed

with respect to neighboring values of about 3*10 -4 and 5-10 - 5 .

For a = 5.10- a distance of 20 km is necessary. Table 2,2

shows the minimum measurement distances for a for the ordinary

frequencies on the assumption that a change of the conductivity

by a factor of 3 results in a change in B by about 5 . At a

given measurement inaccuracy of 5' this will probably lead to

a reasonable determinability of the a.

Table 2,2

frvquency minimum distarce for

N i=0 a = 10- 4 a = o10 -5  a= 5.10 -7

500 cps 1500 m 2000 m 10 000 m 20 km

1000 cps 1200 m 1500 m 5 000 m 10 km

3000 cps 800 m 1000 m 3 00 m 8 km

10kcps 300 m 500 rt 1 500 m 5000 m

100 kcps 100 m 150 m 500 m 1500 m

The measurements have hitherto been made 11 at distances below

1000 m (in exceptional cases up to 1300 m) at 3000 cps. Since

the conductivity is very likely below 10-4 no definite

conductivity can be expected from these measurements according

to Table 2,2. To confirm this theory various measurement

series from [I with widely differing a are interpreted.

In order to compare the theoretical values (f(r,-a)) with the

experimental results () the mean value of the C(a) is

calculated for different a (different a) from

C(c).f(ra) = B(r)

for constant a and the corresponding curves are compared.
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This comparison is limited, however, to the slope of the curves.

No ,absolute comparison was made. The relative deviation of the

C(m) from the mean value C(a) is the measure for the goodness

of the approximation. For measurement values B see [j

Table 2,3

Measurement Gertraudi

S 10-6 10 -  5.10 10 8.10 -  8.1010

0.7 0.25 1.2 > 4 > 4 0.7

Measurement Gertraudi

a 10- 6 10-5 5.10-5 10-4

8C/d 0.5 0.5 0.5 0.5

Measurement Lafatsch

a 10 10 6  10-5 10-4 8-10-4

0.6 0.8 0.7 0.6 >3

Measurement Schwaz

Cr 8.10 - 10 10- 6  10- 5  10- 4  8.10 -4

A C/ 0.8 1.1 1.0 3.5 >4

This clearly indicates that the conductivity cannot be determined

from these measurements. High conductivities above 10-4 can be

excluded, definitely which is in agreement with the data in

Table 2-,1

(for exact theory see (1) For a conducting medium the wave-
number becomes complex k = - ik2  With the measurements

hitherto made a conductivity of "5@10 '2 1 m 1 is likely.
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Table 2,4 gives a survey on the error arising due to the

neglection of the displacement current, at a = 10-5.

Table 2,4

minimum difference between difference infrequency distance k3 and kl;k 2  B and f

5 kcps 2 km 1 5I

1n kcps 1.5 km 2% 1%

5 2 kcps 1 km 5% 2.5

100 kcps 500 m 20% 10 %

k and k2 give the exact values of the wave number with

displacement current, for k3 the displacement current was

neglected. Since also the measurement distance enters the

error, the error becomes larger for smaller a and correspondingly

smaller for higher conductivities because the measurement

distances required become larger or smaller.

Since the measurement inaccuracy is at about 5% it is

justified - because of the very short measurement distances

available - to make the measurements at 10 to 50 kops above

1300 m without taking account of the displacement current in

order to be able to determine the order of magnitude of the

conductivity.
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2,6 Horizontal magnetic dipole at the depth h under the earth's sur-

face - Calculation of the radiation field by the integral

method

1) The radiation field of electric and magnetic dipoles in

vertical and horizontal position on the earth's surface and an

expansion of the field strengths in powers of the numerical

distance was given by Sommerfeld [9) L10]. In a similar manner,

Ott (11) calculated the Hertzian vector Tiof a vertical electric

dipole located in a non-conducting but optically denser medium.

By a proper path of integration he succeeded in separating the

excitation into a main wave and a secondary wave called

flanking wave.

In the present paper, Ott's method is used to calculate the

radiation field of a horizontal magnetic dipole within conducting

earth under a plane earth's surface. Ott's separation into main

and secondary waves was shown to be feasible.

2) The vector and the boundary conditions:

_Z2 A horizontal magnetic dipole

air Fig. 2,a be at the depth h under the

interface earth-air. The

electric properties of the

_____ earth are characterized by

e~h the conductivity a, the di-
---.. ,electric constant e, the

\ permeability = oad thc

wavenumber kE.

Let the conductivity of air be zero, its wavenumber k = w/c.
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the following is to hold:

k kEn In <I

Por a time dependence exp[-ictj

22 22 &, a-+ k 2 ___ o_
kE =-2 CLoJ 2 2 a2

W -0

w angular velocity, c light velocity, Co  8.859.10-12LAs/Vm]

kE and n are mostly used in the fcllowing form:E

k E = IkEI e iY n = Inl e-

The electric and magnetic fields are obtained from a two-
component Hertzian vector T= (v' O, Iz) (of. Sommerfeld [9]).

By suppressing a optional constant and the time dependence here

and in the following:

2-%
H k = k + grad div 1i E  z>O0

= k T + grad div 1 z/O

At the interface z = O, F must satisfy the following four

conditions:

n 2 Ex Dx
TI Ex x n2- a

x X aaz (1

Ez z ex 7- Oz

3) The x-component of the excitation:

SEx is composed of a primary excitation ii0 and the reflected wave

fg° No primary excitation is assumed to exist in the air. Thus,

R is equal to the refracted wavex g

x T 1g
ikER

T= e R can be represented in the cylindrical coordinates



-, z, p s a supe oosition of pl'ne wuaves in integral form:

ik t ik,(r sin-' cos (' 1-) ± (z+h) cos)

2n e sin d>dp' (2)

li the exponent, the plus si,-n holds for z >h, the minu3 zi. .

for ze h. The integration with respect to y' is carried out from

0 to 2n. The integration with respect to z is conducted alonl

the curve C' in the complex k'plane (Fig. 2,h). Likewise, zhe

reflected and the 2 cfracted :%ve can be represented in

integralform:
ikEr sin-,)cos(cp'-p) + (z-h cos
iT_ - (z-h)Cos 42.

"h ~e r (')sin d ,4,dy

2 2z-hcos '2

"1 2t 7E -s1 -,d~

The amplitade functions f(") and g(9) are determined from the

bouadary conditions (1)

f(s) = -1 + nf(9) g() = 2 2 cos "s

n co.3 V+ (n2 -sin

o(,) n 12 '- n 2  1? sif)_ / 2

n cos' " + (n2 - in2)1 1

7or this we find

kh ccsq-: -kh I cos, = kh 2 cosA"2

and the law of refraction

k sini 1: sinl
E2

Integration in (2) and (3) rrit12 respect to qp' gives the Bessel

function Jo(kEr sin- ) nndcr the integral sign. Finally, the

follotaing is obtaine6 for the x-component of T using the relatior-
1 (tf + 12) d 21jo fr *o- --- Hlx

- RE(i E ikE(z+h)cos '
I+ - H (k r i) (4)

R 2
C
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ikE  -ikEz(n 2sin2)112+ ik h cos
FIX 1 H (k g()sind 4)

The curve C is shown in Fig. 2.b.

tq

I ," yI f
* l I I'

. I , Fig. I2,b

* I/

- ,- 7§, , c-; - ,

t , , I P

1' N

4) The z-component of the excitation:

Here, izE also has no primary excitation. The boundary

conditions demand a slightly modified formulation (cf. Sommer-

feld (9])

ik ikE(z+h)coscosy = t -L "H1 (k r sin-,\) e s ( ',)s in ',' d,'

C(5Ik ( 2 2 1/

ik E 8 H -ikEZ (n 2sin2" ) 1/2+ikEh cos
z =Cos 2 H(k Ersin,)e s(i ) sin ' a

C

2 cos,)i(n2 - 1)

s(', ) = kE[n 2 cos $ + (n2 _ sin29)1/2.s (n2  sin2 1

5) Calculation of the integrals by the saddle-point method:

The root w = (n - sin 21i)1 / 2 is contained in the functions f( ')

and s0 ). To obtain w as a uzique function, we choose the real

axis of the w-plane as branch cut and image it in the ;-plane.

Branching points appear in the periodic interval E-IiuO at sin%+n

and sin(n-') = +n (Fig. 2,b). The equation for the branch
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cut Im(w) = 0 reads

sin2 1 sinh 2 2  -21n 21sin2p = const.

It describes a curve through the branch point; its solid part

in Fig. 2,b renders the axis Im(w) 0 and its dash-lined part

the axis Re(w) = 0.

f(0) and g(5,) have poles for cos , = -w /n2 , with the solution
P P

siri = +(n 2/1 + n2)1/2

In the pole, the root has the form i = +n2/(1 + n2 )1 /2- With

1+ n2 = 1 21 -i2 p reads wp = ±in2/( +n2)1/2Iei(24- )

where 2po - t0. This shows that in the upper Riemann sheet

(Im(w);O) the negative sign ,must be chosen for wp. Thus,

cosit = cos cosh, - i sin 4 sinh0$ = 11/(1 +n2)1/21ei'
p 1 2 41

This gives
<P >0 0

P1 : 12

F2: 3<0oo . "'l'

in the upper sheet. In the lower shee' (Im(w) <0), the

following is found analogously:
2 '

3 2 0  2' 1

P 4" > 0 1< -
4 2 - 1t< <

Besides it can be shown that the poles always lie between the real

axis and the curves given by sin 2u"I sinh 2 2 = const. (Fig. 2,b).1 a2

In the 0 point of the upper sheet vp has the form wp--. -n= +n i  .

As in the upper sheet Im(w)> 0, the negative sign is applied.

Thus, w has a positive real and imaginary component before the~P

branch cut, the signs only char-ing beyond the cut.

In DE we replace f(j) by -1 + n2 g(,,). The contribution of the

summand -1 can be immediptely fouiid,, and we obtain

ik R iRE I

Ex = +1
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ikEn ik (z+h)cos '
= 2 H1 (k r sin 3)e g()sin i'd >

2 0o

To calculate 11 we lead 0, the path of the integration, somewhat

H1
out of zero and first replace H (krsin,,) by its assymptotic value

1 ikkrrsin S -
H 1(k r snt 1 2 CE4'
o E Iie = rk E-sin--I

The eligible exponent is now

i[kEr sinO + kE(z+h) cos@]

or, after introducing polar coordinates a, R' in the r,z-plane

r = R'sinm z+h = R'cosa

i[kERI sina sin&+ kER' cosa cos 'L9  = ikERt cos(a-tq)

The real component of the exponent becomes <0 for

v>0
4 '1 42

<1< 2 N <0

Thepath of integration may run in the hatched part of Fig. 2,b.

Since ikER' sin (a-i ) = 0 for a = t, the saddle point lies on

the real axis. The falling line Im(cos(a4-)) = const. runs near

the real axis from the pass = a under 1350 toward ±(T - io)+ a.

At a greater distance from the pass its gradient deviates from

the value -1 but the pass road is no longer forcing there. When

we transfer the path of integration into the falling line, the

branch cut disturbs us in the second quadrant for a> a = arcsin n.

From the end point Z + iaD no direct path leads to the pass.
2

Therefore, we must go round the branch cut and take the followinig

path for this purpose; from I + icD on the upper sheet to +ico,
2

from there along the branch cut to its origin V1 and on the

other side back to +ico, from there on the lower sheet to the
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end point of the pass road- + a + ioo and from there over the
4

pass a to the old end point i- o (Fig. 2,b, curve t
2 (Fg

As the integrand on the approaching paths vanishes at infinity

the integral I1 is split up into two parts I{ and Ill. II re-

presents the saddle value I" the integral along the branch cut.

In I' we replace g(0) by the saddle value g(m), which is

permitted for a / 2, and draw this factor out before the integral.

If we use the original value inatead of the asymptotic one for

the Hankel function under the integral sign, we obtain:

ikEn2g(a ) 1 ikE( z+h)cos 3$

I 2 H1o(kErsini') e sin dt%=
2 Cp ikER,

= n 2g(a) eR'

R'

or, according to (4)

ikER ikER'e _ + f(.) e I+Ex - R +fR' +

Analogously we obtain

ikER'
Ez= cosp~ sa + l

9.

with a corresponding definition of I"

Near a = 2, where g(a) and s(a) disappear, the approximation

becomes useless. "!e must develop g(i)) and s(9) in i = a and

take account of further terms. Confining ourselves to the

second. order term we obtain

2 eik R,

14 = [n2g(a)" 2kER' R1

ET2 2kEkR '

This is the separation iito main and secondary waves as shown by

Ott 111f, I' and Il are the corresponding quantities in our
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expressions. Marking the hitherto calculated integrals by tlh

superscript X we obtain for the r,.ain wavre in the earth:
I

ik2R il R,
e + fL a)

Ex Xl ji)

ikFER'
- c~o5P -I --) e

'kI RIikZR iR, ikR
2in (m.) e- - '

-E T " R, + fn2 g(a) " ] R-2- RI ' -

- it I

6) The secondar wave I" rmd I.

As on thfe branch cut (n 2 r n ) - +T# where T is a real
rvmber#, we bring I" with the aid of this substitution eauation

into- the form

2ik CU ~ - 9 k(+)Jln2+

zw k 2 F C

and for the integratioam we again p ss oer to the complex

t-plaae-. Branch points 1i- at -" - +n and 'l = i(1-n2)1 if
2 2 1_/2

we again chooe -the real nr'is of (n - 1 , the equatior

for the branch cut reads

T = +~2 -- T

The poles are given by I +I±n2/O + i.e,p

they lie in the second and. fcrtl quadrants of the '-plane and

do not disturb us when we tyans nr the path of integration

into the pass road.

With use of the aeymptotic reprc-aentation for the Ifankel

function, the exponent in question becomes



ikVR s na(2 r 2 )11 2 + cosa(1-n 2 + a)/21

df 0

Thus, the saddle point in question lies at T 0. The

expansion. of f (r) in, r C roads--:

r~) aikE1R'cos(m1i). IqTe ipT 2+

q 0 si A n

2fnin't% cot 0

The equation for the -paeroad lo

t2 ' (c J O 2 + ~1 )-o- ctgo

and its-gradient near '= 0 is given by

t91~ - 2 a argtqj

I/X(T) - /[T +- I2( - n2 + l J2i/ , expanded- in- T - 0, gives

1/IN(r) = i/i(o) -- r1402

where only the second term makes a. contribution to Ill. Thas,

we obtain

.~ ~~~~~~ ikRcsz-p-"--qf~~ 2
- e je d

and finally

2e~~ , I3/2 ek, fl?+( z+h)'-nJ

k0Ir-~ I 1-+9_4ctgcJ -_______

0-

- + 39 -

22

aCI4 - 2

ki

+ Y



II - 19

Thus, the vector x is determined in the earth. "Te should like

to mention, that, in agreement with O-tt [11-], the secondary wave

disappears in the angular space a,< o = arcsin-n since the branch

out in the fourth quadrant must be also avoided and thereby I"

and I2 ar6 Just eliminated. Besides, this representation is

identical to that originally given by Sommerfeld (9] iOj; if

kBsin, in (3) is replaced by X the expressions go over into the

Sommerfeld integrals. Integration, however, is different from

that in Sommerfeld's paper and does not give rise to any residue

wavci since the path of integratior does not include the poles.

7) The vector-jfir <0:

By means of the transformation sini = n sin i we transform Tx into

" ( -[ TO H+ ikEhN1'n 2 sin 2 p(_J-)sin~df

P(J) 2 1c '

n21-2 + ncost

Oalcul-ated analogously to the former integrals and using the

polar coordinates

r = Ro sing - z = R0 cosp

this gives for the antenna depth h = 0

ikR o

Ux =  P() - --

ikR

0 2

ikR

0-

ikR

z - s ( s 2kAo R J0 2
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and for the secondary wave;
kn 2  /

k n 2 1/2 ik ROsinp + coap qJn2 '1+ iy2
x- 2(1-n 2) k E R0sinp!q 2 ) /

s= nos +12 p-' °rp 2!

z 2 kE Rsinplq2  ,

ikER n-cosB 1

2 4 2q 2 - 2 r _

r = argf q21

The formulas (8) and (9) give n for the case h = 0. For finite h,

this representation may be taken as a good approximation for the

following case:
k h 1-n 2sin 2 < kRo°s( )
kE0

or on the pass nRo
0(10:)

As soon as this relation does not hold any longer, the above

integrals can be calculated in the same manner for finite h, while

the saddle point is shifted by a factor depending on h. Concerning

the range of validity for the representation by the saddle point

method we should compare the theoretical study in [12B, according

to which the neglect in an integral of the form JF(z)emf(z)dz

is of the order /rm, which means in our case that the error becomes

of the ordcer 1 1/kER'1Io The expression for n can be cimpl-ified if

we leave the hitherto observed generality and restrict ourselves

to n 0 "1 In the exponent of -(7) the term (1-n2sin2 P/2 can
ik~h

be considered constant and the factor e can be drawn out

before the integral. That means that we have found a representa-

tion also for large h, for which relation (10) does not hold.

The expression for h = 0 has only to be multiplied by the
ikEhfactor e .* Thus the effect of h is characterized by a phase
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shift and a damping.

Hence, ikR
M ikEh e 0

x = e R() 0
0

M -ikEh ikR0
flT e 0 ,9-

and, analogously, the other formulas.

8) The field strengths:

Although the calculation of field strengths in the earth is a

little complicated it does not involve very great difficulties

for numerical computation. Since in (6) the first term contains

R while the other terms are written in R', we transfer the center

of the coordinate system into the mirror point and calculate in

the spherical polar coordinates R', a, p0.

Because R = R- IRI/az = R' - 2h cosa

1/R 1/R - .1/R'/ z = 1/R'(1 + 2h cosa/R')

we can write
ikERR ikER ' -i2k hCOsx

e E /R = e E /R'(1 + 2hcosc/R')e E

The functions f(a) and s(e) can be simplified for a >200 and

n<10 "1 to f(a) = -1

s(a) = -2/k. ctga(cosa-i sina) = s1()/kE

Thus, we obtain the components HR; Ha; H- of the main wave

after long intermediate calculations ii. the following form,

where A is an antenna constant:

i(kER-1 ct) 6 gi(cKIhkE)

H,.= A cosQe R

i(k ER, )5 f i (oc h vkE)

H =A cosy e ,= R (11Y

(k R-,_ .t) 6 -h :h(ahik E )

HP =-A siny e
i = 1- R ' _.. ..... ..
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22

21=k (i sina cosm Ss (a ) - sina)

(-2hk -Coa sia ik2 sina e )92 -2hECS sE

= ik cosa
E

= sina e-'(-14h cosaikE + 2 - 4h2k cos 2 a) +

+ 21sl(a) com(n + sina 4. i cosa)

2 294 = [aina e (-24ikEh2 cos a + 18h cosa)]

g5 ' [sina e'f(48h2 cos 2a - 8h3 cos'aikE)J

96 - sin. e- 40h3 cos3 0

f = kE[" i sin s(cc) + cosa(e'-i)J

f2 = [ S Sl(cc) (--I- + i sina) + kEsl(m)sin 2 al +2= Lk~coa 1 a Cosa.
+ e- h2hk2 (cos2a-sin2a) + ik cosaj

f3 re (4hikE cos a -Cosa 8k h2  -2 - 6ikEh sin2a)

'- is,(a) cosm (ama + + i cosa)

f4  e- (41k h2 cos3- 6h cos 2a 8k2 h3 Cos 2  2

+ 6h sin 2 a - 20ikEh2 cosa sin 2)

f5 e- (24h 2 cos2 asn2 a-24ikEh3 Co 2  2 12h2cos3a)

h 1k2(e-- 1)

h 2 = e- - (2k 2 h cosa + ikE)

h e- t (4h Cosa ikE 1) - st(m)  + sa a + icos)"~~ SinO io +ioL

22

h 4  e- (4h i k E cos 2 m -hCs)

h = e (-12h coos a)

-e e (-8h 3 cos 3 ot)
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The formulas for the earth's surface z = 0 are much simpler.

In a polar coordinate system r,, (P the origin of which is

on the surface perpendicular over the dipole, the following

holds for n 2 1

2 ikEh
2ik..e ikr

H = A cos p - kE e 2 ( _ 4ik + )
r 0 2 r r

2ik ie iCoshikr
H A ______ e ,3ik +(2

HR, o o H =Aei e c s(sin - ncs n ie

r rr (12)r2

+ 2 2 h

2ik 2e iikr
2E i s2ncE e 2 2  ik 2

r r A 2

where the dependence on time has to be included yet.

The re~alts for the secondary viave in the earth are as -follows:

R' k2A R2 sin  a n

2ik E(cosc + 4n sinL) 12

R'ssinn R sin

ikER'cos(cM-,)

H cosy 2Ael e E' 0[2 (kcosa sincr) +2 2 E

-k R-sin a =n

2ik., si + 12 cosc'

R' sinc~ R-1 sin a

ik R'-cos(a 1 l)-
-Em 9 l -2 -]

k R-- sin 2 M 'E R'sina H'2- sin 2a

sin~ n
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and on the earth's surface z = 0

ilcph+iy 2,
2iAe k2' ikr 2

H - coEe k ik2(1-2n) - k 2 - in
r2  r r2 j

ikEh+iy 3 2
H~ ~ 2iAe ICE eikr r. [-n(4

cosy 4 er2  ik 2n(2+n) + 6knr (14)

ikeh+iy
2 -iA e k E 

ee~y k 2 ik r 
2 2H=-sin p - Ee ik2 + 2kn2 + in

Comparing (14) to (12) one can see that the effect of the

secondary wave increases with increasing distance; from a certain

minimum distance on - for k2 C10-5 abou-t 8.102 m - it will even

exceed the main wave. As the phase shift of the secondary wave

FikER I sin(cx-'_ 1
a + 3(p ad L jOg - follows for

kE - A (i + 1), (displacement current neglected) for n< 10- 1

h 250 m and r>2.5-10m = arg 1(1 - i)n]. Thus y is

independent on r. With these restrictions the amplitude of

the field strengths at z = 0 is given by:

SHri" = 2 -1h ([1- k2 k0 1 6 2cosy L e [-6 k +  + +
A 0 r2 2A2

-[k_+4k 6k2 1-2 .1/1
Sr A2 -

A- = co2- Ic4  -[ + 3kJ + (15)A- k- 2 r  r 2

-0Ic - 6k[-2  1_.r 2 1/2
2A 2  rJ

I I - sinp 4 - h f [ +.?j+FK /
A kc3 _2 2
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2,7 Calculation of the dipole field using the VL approximation

The range of validity for field strength formulas based on the

saddle point method is somewhat restricted by the fact that

some parts of the calculating procedure rest on the assumption

of high dimensionless values k ER' characterizing the distant

field of the dipole.

This makes it desirable to employ separate formulas for the range

between the remoter parts of the near field and a few wave-

lengths. Such a separation would make it possible on the one

hand to calculate the strength of the field at every distance

and on the other hand to compare the ranges of transition as

between the near field and the distant field, a comparison which

is of particular interest experimentally because the range of

the measuring transmitter is limited.

The starting point for these considerations is once again the

electrical vector potential n which is related to the field

strength - in the following way-:

= k2 71 + grad div

(0)
= -JOi~o rot i
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Assuming the same orientation of the dipole as in (2,7)

'>.' in 5-], has-two components nx and z which can, in the

usual way, be repr-isented as an integral through the eigen-

function Jn(X).exp ± lz-cos n

00 C 0

Earth space: %xE= a4' e(z-h)Jo(X) dX+ffE(X)e 'lE Jo(X )dk
o o

0 0

,E j 1Ex e'ElrE- fg(l(E 1~ x)dx.cosw

0

00

Air Space:- = f f(X)e0J0 (Xq)dX

0

00

Szo = j go(X)e 0 °zJ3(Xj)dX'cos

0

It is more expedient to retain the Sommerfeld formulation,

integriting in the X field. Here

.1E k 2  X 2 k 2k 2  +Y2

= " E' o 0

t tan 1 /y,- aE = IF/4

The conditions for the continiity of R and H in the boundary

plane z 0 0 enable the amplitude functions f and- g to be

determined as
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2 2x -12Eh~L -Eo kEfE(X) A •X- e~jE ,k
okE + 11E k

r0 1±k(d~

-)Eh 2k 2
fo0(X)= A X e- . 2 2 2 (3)

jo kE + 1Eko 0

2 1Eh k 2  k 2

g(x gEk) -A Xe o 2 E 2
IL 2 0 2 E + 1 ookE +Eko

If the integrands in (2) are simplified by using what is

called the VLF approximation, the four integrals in (2) can

be calculated exactly. By contrast with this, the method of

calculation explained in (2,6-) or in [5] although not

neglecting anything contained in the integrands does not

lead to closed solutions of the integrals. The approximation

consists in neglecting k2 as against k2 in the expressions

which is permissible as long as the condition -- >I is

satisfied, the latter being almost identical-with the condition

2
(-a-) 91 which has to be satisfied if the displacement

current is neglected -(and which is valid if a/ 10'

The vector potential nE in the earth space which is of sole
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interest here (the horizontal components of the field strength

on the earth's surface being calculable from n.) then works

8
out as follows using the relationship L J -X cosy • J

cD

(4)
S( -EI- e (z+h )  (X)dX

xE = aE j eA 0E-
0

0

The physical situation postulated by this mathematical

approximation is to be interpreted simply in the sense that

the equations (4) apply only to such fields as are originated

by conducted currents, which cannot of course exist in the

air space. The theory erected on the basis of the VLF

approximation is, therefore, a direct corollary from the

calcuiations made in the second report Li], wherein the

displacement current was suppressed. Neglecting the displace-

m -*currents' me--tlyr:ti~stetrg ovex whi~h the

equations are valid, limiting their application to the distance

within which the conducted currents in the earth space are
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due mainly to the primary excitation and not to the inductive

effect of the displacement currents in the air space, as

would be the case if krR were large, i.e. in the distant vacuum

field. The resulting expressions for the field strength can,

therefore, be applied in the near field up to distances

corresponding to a few vacuum wavelengths (xc = 100 km at

f = 3 kHz f3000 cps]). They serve to complement the formulas

of the saddle point method in the short distance range.

The integrals (4) are referred back, by double integration

with regard to z, to the known main integrals

I-IE B

j E ( N) X dX or je-E J (X - dX1 0o "E 0 J ILE

0 0

which, by elementary calculation, work out as

-ikEfB
2 +2

or (a)Kr2 20 0
B +?

where B is any function of z, I is a modified Bessel function,

ik_

K is a modified Hankel function, a = b (Ij 2 + o2 -
0 2

(kE + + B). If, as on page 11-10, the
2

distances
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2  2 y2 )222 2

R x +y +(z-h) and R' = x + y + (z+h) 2

between the dipole and its mirror image are introduced, the

fol1lowing expressions are obtained for E

ka e eRk HR

"ExR R

2 ( e - i kE  '

= + o ()ok2  X~z R' z0

and the following for the horizontal components H and H ofx y

the magnetic strength:

S -e EH = aE :E " R' +  R-- +
fEx 2R / 2 R R'

2 ikER,) I 1
+ 2 + o ( ) (5)

E

a e __ . e- 2 0"2 E- O, H % L RR': - '~ - \ :* + (X )K (P)
xay R H- k2  a' + -1

The third derivation of 1o(c)Ko(p)-for z, which is necessary

for calculating Hx and Hy is arrived at by using the

recursion formulas
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d H°  ( ) dK0  ( )0 iI(c ) --KL(B)
dm dp]

dI 1 (M) 1 1 dK1 (P) _K KI()

dcx a dp P

and appears as follows:

--83 1°()K° i E ii - -L KF (1 - q ) +

8z 3  0 (P 2 0I 00L

2 2
kE (q + 1) 3 1 + I K k- (I -q3) - ,(q - I -

(6)

2. , i k E (q " 1) (I - q2) R q (1 - ) +
22a fqI

+Io1 ikE (q + 1) (1 q 2) + k2 (q +1) +

o 2 pR'

+ 2 ( q )3 + _ I

2
+ kI(q+i~+ ~q( 2)

E 2 + 1)2 (q_.1)q)

4 e,4., .

On- inserting (6) into (5) and making a brief intermediate

calculation the following simple expression is -found for the

horizontal component of i in the direction of the main
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radiation from the magnetic dipole:

H{xlx= O eRM (- 1 - iM1 + M ) +

-iN 1  4 2 2

R 2-N1 i -1 + 6iN1  + 6- 2q (15+15i_1-6N iN
N1

1_ [IjKo (31 - 15 q3 + q3N')
R13

I KI iN,(-l + 3q, - - 6q 3  q)(3- 15q 2 ) )

2 3 2
N1

IlK1 (-13q + '15q3 - q3N2)]} (7)

with M = kER, = kER-, q -(z + h)/R

Apart from the VLF approximation nothing else is left out of

account in this equation for Hx . A glance at the expressions

included in brackets within the second and third summation groups

shows that for h - cw and for a finite R these expressions

tend to zero by reason of the e-Dow-er vanishing a _-40 to t-

Hankel function, Po that (7) transforms itself exactly into the

equation for the field strength of a magnetic dipole in a
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homogeneously dissipative medium. This result, as well as the

fact that the field strength decreases as the conductance

increases, is trivial as it can at once be inferred from the

initial equations. It is possible, therefore, to write (7)

in the form: H = H or + Hx xhm x suppl

where Hx suppl represents the additional field attributable to

the influence of the earth-air interface behaving symmetrically

with regard to z and h: that is to say, independently of whether

for instance the transmitter is 300 m and the receiver 50 m

below the earth's surface or conversely the receiver 300 m and

the transmitter 50 m below.

Obviously no such symmetry a-pplies to Hx ges" Simplifications

can be made in (7) if the distance of measurement notably

exceeds the height covered by the transmitter and receiver

(q -- 0) or if, on the contrary, the height covered notably

exceeds the distance of measurement (q -- l). These two limiting

case3 re, however, only of theoretical interest, since only

the 3ptermediate range is amenable to experizent.

ror practical ovaluation of the f:rm'2a (7) it is best to divide



II - 34

Hx into a real and an imaginary part, as the apparatus available

at present allows only of measuring the amount and not the

phase angle. Since the arguments of the cylindrical functions

arising make an angle of 1350 in the complex planes, I and K

can be expressed by the Kelvin functions ber, ber1 , bei, beil,

her, her,, hei, hei I whose argument is purely real: the

functions ber, bei have the argument R = ("-q)Rfk /V-2, and the

functions her, hei th- argumenti (1+q)E'k3/\F2', whnre k3 has

tho value-k= .P ishort intermediate calculation then lead

from (7) to the real and imaginary parts of 'x as follows:

R A (8)

Re xAx= 3 eM (B8Cos M - B sin M) + (8)

A eN (C1 cos N + C2 sin N) + 30A 1 + C3 (A2 -A8 ) +

+ B57 + N(A (B +B2 ) A4 (B2-BI) + 5!B3+B4 )

+ A6 (7 4  - B3

' A M B
ImHxIx=o 3 B- ccs M - Ba sinM-) +

" A F-eN(.C2 cos N + C sin N)+ BoA + C3(A- A) +

I
R -'3  21o 2- 37 1

+ BsA8 + 1(A3 (B1 -B 2 )- +A 4 (B1 + T'2 )+A5 ( B-B 4 )+A6 (B 4 +B3 )))
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M = k3 R

N = k3R'

z+h

RI

A = (beroheio+bei heA 5  (bei hei -ber her)01 0 0 0 5 2 0 1o

-(bei hei -berohero) A6  E (bei her +ber heio)

1-0 0 0 1 0)

3= =- (ber her1 bihei) A7  - (bei her1+berlheil)A3 2 0 o- 0 1-

A= - (ber hei1 +bei her,) A8 = (ber her- hei
41 1-bei 1  1)

Bo = 3q - 15q 3  B4 = (1-q)(3-15q2 )/21T2

B1 = -1-q2 _ (6q3-3) B5 = -13q + 15q3

B2 = (1+q)(3-15q2 )/2N2  B8 = -'1-1

B3 = -1-q2+(6q 3-3q) B9 = 2M + M

c1 = --N + 1 + 3 - 2q2 N - 12q 2  2 15q2/N

C2 = -2N2 - N - (3/) - (3/N2 ) _ 2q2N + (15q2/Nq + (15q2/IT2 )

C3 = 2N
2 q3

The result of the numerical calculation for , % = 7
1-0 '10

and 3-t can be seen from Table 2,5.
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Table 2,5

R 1 0f- 10o\2 10 2 -0 0

_10_ 3  3.161o- 5  1.025-10 - 6 7,96-10 - 8 2.3202.0- 9  a=3TE.10"

3.1.101 1.910 71800351F~=-'I

O1 0 - 3  3.14 10- 5  8.39 10 -7  7.7610 - 8 5.25-10- 9  3R

2,n Another approach to the solution for a magnetic di-pole

(2,6) and (2,7) gave expressions for the field strengths of

magnetic dipoles whose numerical evaluation is somewhat

difficult and can only be simplified by restrictions with

respect to the distance. Besides, in the expressions of (2,7),

rather complex Kelvin functions occur which are tabulated only

in a bounded region of arguments. In order to avoid this we

again turn to the integral method giving an expression similar

to that which has been derived in a thesis of the Cornell

University (111. In the latter case, however, the problem of

propagation in sea water is dealt with, where the parameters E

(relative dielectric constant) and a (conductivity) assume .-uch

higher values. As x >)o may be assumed to hold, for the quantity

- in -the VLF range, the approximation in the above
60

thesis can be shown to be valid also in this case-. Furthermore,

the effect of the ionosphere shall be discussed in the present

l.J.- " , ,, ,, , o r, IL %Uorientle d as in

2-,6, Fig. 2,a) from a Hertzian vector R= (n x,0,-z)-:
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-* 2-
H k= k + grad div n

r = -i.irot _7

Let the time dependence be neglected and let it be exp(i)t-).

nt ha~s I'o satisfy the differential equation

70. ~ ~ 2- C
+ T 0 - E

The condition-of continuity of the tangential components of

I and 9"make the following relations necessary for the

boundary su-.rface z =0:

az 9 'Ex - 'tAx; 7tE Az

dis~ = dis 4"E A

~ -1 --Ionosphere

Air

- jearth

Fig. 2-1a

-2- 2 (h)2 2 2  xR2' 22
_r v x Y R = x+ Y + =z-/x2Ry + (z+0)

-if a- homogeneous,9 isotropic and in-finitely high ionosphere witth

a smooth boundary-at z = -h1 is taken into account, the

equations- -(2)- are to- be stupemented by another four relations

-at the point z = -h-1 (the su-tI-c-i-pts E, k9, J refer to --.axtli,-
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air, and ionosphere, respectively).

'Ax 0 xJx

(3)

Rki2t div ~ _9i 1
A Ax JJx A n

The conductivity of air was put zero and the relative -dielectric

constant of earth was neglected as compared to the quantity

S-O . We thus confine ourselves to a parameter region in

which the displacement current may be neglected. Thus, the-

following integrals required for calculating the field below

ground are obtained by means of the well known integral

representation C9. In the case of earth-air;

OD

ik R -ik+R -UE(z+h
- EEx R - e e . )H (. . (X )XdX

.E'iKUA-

-U(zh)(4)O -_U (z+h) ,
(1) 8 e ~ Ho(1 )-(X-r),\dX

" Pr j (UE+UA)(UE iUA)-

-aD

In the case of earth-air-ionosphere:

- ~~ feikER CD e ~(z+h)Hoi- rXX

E L- R- R' ' UE t-xUAtgh(Uhl- j
-CD

LeU ( +

-00

21/t2 .2 C" ______(x~20-CD - ( t+U 2Ukh

_U E A -e -l 1
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U (X2 k2)1/2 IF

A= a0 E

are valid.

F(1) means the Hankel function of the first kin! Re(UE) 0 is
~0

assumed to guarantee the convergence of the integrals for(UA)
z -, , and Re >0 is assumed so that the factor UE + UA

in the denominator of nEz does not vanish in infinity of the

X-plane. A comparison of (4)-with (5) shows that the two

representations differ by the factors in the denominator of

the integrals of nEx and cEz. Since, however, UAh= h1(02k 2)I/2

is real on the path of integration except for the interval

-k- < X <+ k0 , and is a large number (ht7.104 m), except in

the somewhat expanded interval k = 09'- ko' °+ kol (v ko),

we may put tangh(UAh i) everywhere equal to unity by approximation.

Simil;rrly, we put F(X) in the denominator of n;z equal to zero.

This a.jproximation can be assumed for the distance region in
-ikDR

which the primary excitation eR prevails, since the other

terms there only represent corrections, not so in the region

z/rQzI, where the first two terms in TEx cancel out and the

integral expression prevails. For an exact discussion, another

way has to be chosen for this region. Since, however, the

distance region at vresent accessibe for experimental r-easure-

ments below ground does no- excedd -103 m, we certainly mway

neglect the effect of the ionosphere there. Hence, we apply

e-xpressIon k-, a continue caicu ting the integral-s U1 and Vs

coH ( Xr~e-U( h

j T A

-00
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00.
00 -U(Z+h)()

J (UE+UA) (-i,,UA)

Substituting

k - UE  (- kor
X l ko4 (V)

kM UA  H- ko(z+h)

we obtain

-00

(2+M( -iM
-00

The path- of integration comprises all real values of 4, ranging

from -oo- to +co. In the following calculations, however:, it

will be more convenient to shift the integration path-slightly

into the- lower semi-plane at the point 4 -- (-Fig-. 2,b).

Singularpoints ocour for

V=0-

M 0-

Thus, branching points- lie at + - - (1) -and - I 1-.

Since the lat-ter pair of points- would lie- on the real axis-,

it is more convenient to write down

k( i -2

C i-0)

instead of putting the conductivity of air equal to- zero for

+
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the discussion of the branching points.

Then,

- -( - ig) =0 d-

In the upper semi-plane the branching points lie as follows:

= "I'(-1 + i

22V 2  =-1 + ig/2

Starting from these points we draw sections along the curves

Re(M-) - 0 and Re(N) - 0 to infinity. The equation N - ixM = 0

gives the poles at

S1(1+ 2 +
1 + 2(g+i/x)

1/2 1
S 1- ) 
2 1 +1 2(g + I)-2

X

, ,

;'//
II

/ "1J

Fig. 2,

Thus, the pole PF lies in the immn:ediate neilhborhood of V

This oonfirms the fact (frequently discussed in publications)

that the contribution of the pole to the value of the integral

cannot be separated from the total expression. Closing the
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path of integration in infinity of the upper semi-plane, the

branching sections being avoided, we inolude V2 and P1 in the

same loop. -Since Ho(1)(49) for large arcuments behaves

similarly as exp(i,)i(4)1/2, the contribution of the

branching section V1 may be ne.14eted. WRhen integrating

along C2, we must consider that the expression V = (42 + ix) /2

may be looked upon as being constant owing to the magnitude of

x in the region of the determina'tive 4-values. Thus,

U e-H X k 0 ...

e 1
2 (9)

V m - -- - -
i 22 C2  1-

is obtained. The problem is thus reduced to the propagation

between two points of the earth's surface, z 0 0. The factor

1/(1 ixM) still obtained in the integral is thus expanded:

1 1, 1, ( ", I, 2 )
+ +

1..--X - M - I '-iXM + x M

:ixM

It remains to be shown that the expansion converges for all

4-values lying outside a certain circle around V2. The

convergence is gnaranteed if

i ie if 11,1<
I14

e e show that this is the c tse already:outside a circle with

the radius ! , V2 being its center:I + = -+ exp(i)
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Thu a,

m 1 n+n

v n () j
C2

is valid-.-

in the case n+1 2k(k=,2,3,.-.-.), the iihtegrand- has a-. pole of

bhe order (n + 1 )/2 in Ql = -1,-- if P, is ag-ain put equ~al to

zero. H-ence-,

v21i+1 - ~d4Y ( 2 1 ),4+1J

= 27viH(1)(

I i - 2

3-)2 4-

-,ar. be written- down.

inl The case of inte -rpJ i,- vi m, -refer to a -paper by Sornrex-

..Cld 191- according -to rhich
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n-1iVo d.e1 2

(n-i): J Vf7

Co-S e~ i  e e+

0  -4 3

_ -1+ -

V2 6
2 -i e- V6  = (-+i

V73 Fx7 3

This yields:

i- e~ ' --Fi
(1 (i(1

15:(ix) 3 ( + i + - ) +  t -- e + (ii)

(4 ) 2-

for the- first terms of U.

Confirming ourselves to -/x:1 which is valid in a vide

distance region,, the term in parenthesis may be put equal to

K unity, yielding

ik Oexp ( _- i)_ exp(--Vix H) i exp(--ikor) exp(- kZ+ h)) (2

X r

The calculation of V haa a1ready been reduced- to that of U,

"  Hence,

4- -exp(-- iIk, (z+h))- exp(-k)

r~f 2C~ Vr0 \ .

'I - I40
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~exp (--ik e FA exp,(--i-k EI) +i exp(-ik or) exp(- \Ji-x k 0 (-z+h))

-aEi \IIu exp-PV'T)k0(.z+h) exp(-k 0r)
E 2a Ei'voosyV k k r *- 0

The first term in EE denotes-the direct wave_, the second term

the wave reflected bN,; the earth's surface. The third term as

well as the express-ion. for iEcan be interpreted su-ch that

part of the energy is transferred from the transnit-ter through

the medium-, vertical to the earth's surface along which -It

propagates above ground to the receiving station where it -en-ers

the rece-iver-. Formally, the last two t-,rmis correspond to the

mode denoted as seondary -vaxe in the representation of (2,6)-,

since the exponent- c:f' e in Il" (2,6)

-i k,,(-n-r - (z+hIF\T+ n)

-may also -be -written

--ik- r -x k (,;+h)

-forx

This represen-tation difrers from that in (2,7) in the followiing

points--. In -(2-,-7-,- the integral U was -compl-etely -neglec-tea,-

this is- admissib-le- only i-f tzanri-tter and re-ce-iver are -no~t

t-oo- close to th-e earth-1s surface and _z/ -(for z h) is not too

small compared with unity-,- !ince in bo:&h cp.seS 7E wvou-ld vanish

- hloe-ez ?urthermore,9 -the inteval r, has not been -expressed4

by the- product of modified Bess-el and }Iankel func~tios-, -outb

the -firsit -termi o-f a rapidl;; coxivexgent series, rihicl is of rr'-t

advazy-a e- for -the numnerical evaluation, Thus, h olwn
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-eprsso aeobtainedl for the -field--.s-treingth :comons-:-

~k2- ik 2 2-
Hi elrp~E "1 '+kE 31kc x 2

-(. R) i - x .

R R R 2- 4-

2 22exp(kt -l-1-k X) 2 ik 0 1k
+ + xp-i 0 () r (k 0 - --- +

3ik2 2

rr

31k 0 X_(ikR x 2  -

H+ + Xy
_R 3

(1-5)1
e(-ik- R'-)- Y 31k E 3

R'+ - + x
-_ R12 -_R _3 R1

+ x~~?~exp-(--ik-r)- -k ?ik0z. x- k-- + 3
r r3 4 -I

Hz _ exp(mljkBR k._i

2 +x(z-h--)
exp(WkER-' 2

exp( - AR)3-i

R _-
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-IrAR ex- - [B ccs (-A-R) - A sin --(AR)]j

+exp(-AI(z'h)~

In the main dixection--of emission H~ x--x~ the functions

B -, F -have the simple fozrm-.-

A /-V 2- EC= . = k 2

(17)
k

= _z+h-) + k r- k =o

In -order to determine the angular- -dependence of' the -value of

the field, strength in the plane -z = h,, we calcula-te.:

+ Iii -

-at r=R =const. and -RI- const. In this case-,- the following

ex.-pressions are valid:

R = A + Bx 2  H y Bxy (8

F 2-

_B_=_ 
_____ ___+

AIc--1 2  lk ~ +exp(kr [ j
exe-ixr (- Ex(.k (~)i

f +

+ -exp( .ink (z+h1) -- _, --

2- l 1- k 3k0

0-h r 2- -2 3 4!T r r
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Thus, for H71' 2we obtain

2- 2- 2-
__-2 A~l- k I + D2 rr0 ~ (9

-Re-.. real part

Im-... imaginary part, A- being the .conjugate complex value.

htice,9 -1H--2 in a -polar diagram- describes- the curve (19)- whose

-large -semi-axis -in- the case- EB>O0 lies in the dipole -axis, and

in the- case E<,O -vertical to- the- dipole- axis-. -E->O -corresponds

-to the short range- field. For X ,1

is-:easily- found- for-E. E(<O, however, is- valid in- the- long-

rne field-. Neglectin-g the terms- in- R :and R-' -(since- R-IftR

f or :-z h and-- h/r-1)_,

2 2 6-
Sexp(.-2-A(z+h)) r'Eix(-flzh-)

r r

hence,.

2 Er2

- 2-E_-

-and 2 ez+(-2y(z-h)) (20)-

14- ob-tained- for A -,

Qualitatively,_ the- result is8 the -same -as- in- the- case -of a -dipole-

>in_,ta -homogeneous, -unbounded: medium.- In this- cease-

is valid- -for- the- -short-range T!ield, whereas-
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, : !2- 2a -- 2
E 22

r

is valid or- the long-range field.

Thus, a quantitati-ve compa ison is possible. The ratio

between the emission into-the semi-space -that into the full

space is

JHJ HS exp (-24-r) (21)-

2 2
IHIPS

for the long-range field: (h/r 4 I)-. Hence, we may assume that

the effect-of the-surface in the long-range field is of

considerab-le importance. This is also con-firmed by (20), since

tHr2s in the long-range field is represented only by the term

which takes the existence of a boundary-surface into account.
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Dipole in dissipative hdlspece

Dipole in diss;pative halfspace

t5 following TN 6

Dipole in dissipative infinite

spdce

Depth of eCrtter and receiver
2S0 m.

101

Fig.: 2,2

to 1000 r10 - __ __ __!_ __ _ __ __ _ _-___ _

10 3,5 700 .315 Poo.0(,,,
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HX zz-h 200m
f =-3-kc

FIG. 2,4

Sr-= 1200m-

C'5.!O lo -ni'r

_ t~~x(zh) f 3 k

IhIm

0 lo -0 0 0 o

FIG. 2,5



£I - 51

Fig. (2,-3) gives the course Qf the field strength Hxly=o as

dependent on the distance (up to r = 500 m). The depth of

transmitter and receiver is 600 m. For comparison, the field

strength of a dipole in a homogeneous, unbounded space was

plotted (dashed curve). Here, an effect of the surface is not

noted" the two curves overlap. The field strength decreases as

the product~iv increases (x are measured points). Fig. 2,2

and Table 2,6 show HX(X= as dependent on the distance in

comparison with the representation according to (2,7) and the

Hertzian solution for the unbounded space at a transmitter ana

receiver depth of 250 m. Fig. 2,2 shows that the earth-air

interface hardly has any effect up to a distance of 1000 m.

Table 2,6, however, shows that the ground wave U has a decisive

effect already from r = 104 onward, at r = 105 it yields the

103 1-fold field strength in the case a 5.10 - 5 mhos/m, and the

1010 1-fold field strength in the case a 5.10 -4 mhos/,m, as

compared to the Jlertzian solution. The increase in field strengtP

with a up to r = 103 m is consistent with the considerations of

[13 (p. 15). The dependence on a is reversed as the distance

increases, the field strength thlcn decreases with increasing a.

The propagation in the ranger < 103 m is strongest according to

the representation in (2,7). 'he approximation applied in (2,,7)

for calculating the inteiral expressions; [in (2,) the following

expressions were obtained:

exp(-ikER) exp(-ikER')
= aE ( R' )

2 2 exp(-ikER') a
2 2 ( + ( 1K I8)) I
kE
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is, however, probably not suited for describing the propagation

process of dipole excitation, for the follewing reasons: Owing

to the boundary conditions (2) at z = Z, neglecting the integral

U in -Ex successively leads to the conclusions:

Ax =0

Z =0 :
EX Ax

Ex_ - A -0

Ox ax

div = div' EA 3z

Introduction of the expressions for ,i of (2,7) into the lastI z

expression:

-1Ezg (x) exp(-US7) J1 (Xr)dXcosyp

0

yields a

Jr"Az ~ g 9 X) exp(U AZ) J1(Xr)d~cosy0

yields

8Z aZ

because of gE(X) gA(k), a discrepancy which cannot be

eliminated by the approximation used for ,Ex because of

-UE / UA

or
-X2 2

At distances of r >/ 105 m, R and r' = r + (z+h)=
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r + ( -r become approximately independent of z

for z = h 500 m. Thus, -R = R-= r. This again yields

7t 0Ex

Ez - 2 2qX m) 'P

If the asymptotic representations for the modified Bessel or

Hankel functions are used

1(-() = _ (e + e )

Ko(p) =- -e-

which is possible , since for Ha = a('- (z+h)) and

S (, + (z+h)),

6(R-1 1 !z1 > 1

holds at r>_10 5 m and c >10 " 5 ,. then the below expressions follow

successively:

Io(cO )K(p) 7 (exp(M - + exp(-(a +p) - i2V -

exp(-ikER-') exp(.-ikE( z+h))

kEr kEr

and
-2 2 a2 exp(-ikE(z+h))

- 2  IE2 r

2 2= _2xr5 eP( (+')'

i.e. a plane wave excited in z = -h in s-direction, whose

amplitude decreases as i/ 9r. An exact valuation of the theory

described in (2,7) will be friven later.



III. Comparison of theory and experiment

The measurements described in part I were evaluated from the

viewpoints of two different theories, one being the theory fox

a dipole in an unbounded homogeneous medium, and the second

being an elaborate theory Ieveloped in chapter 2 and a-so in

[7]. Unfortunately it has not been possible to e-valuate this

theory accurately and in detail, as for this purpose an

electronic computer would be necessary. We shall make these

calculations in the near future, as a computer is going to

be set up in Innsbruck very soon. So far, we could compute

only some special measurements w*th considerable simplifica-

tions.

The measurement in the German m:ne FU*sseberg, dealt with in

chapter 1,7, seemed to be well suited for studying the effect

of the earth's surface on wave propagation over large distances,

because the geometrical conditions are favorable there.

The points of measurement, the curves for a pure dipole, and

those according to and chapter 2,8 were plotted in

Fig. 2,3, but a statement on the exact course of the experimental

curve cannot be made yet because the distance is too small

(only 500 m). In This distance range, at a conductivity

= i0 4  1-m -1  which in this mine can be assumed to be

mean value, the two shove theoretical curves are practically

identical.

The conditicns of our measurenrents in Schwaz are similar - here,

the measuremeit reaches 1200 m,. but the effect of the earth's

surface cannot be proved witr certainty because of the low
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conductivity and the great depth (Fig. 3,2).

For our measurements in Schwaz, the surface can no longer be

assumed -as plane (-aw: e.g. in !Usseberg).

Table 3,1 gives the values calculated according to the theory

of a dipole and according to [7].

The transmitter described in chapter 1,3, which was used for

measuring over distances up to 3.300 m in the St. Gertraudi

mine showed good results (chapter I-,9).

-The geometrical conditions of these measurements are given in

Fig. 5,3 and the ii.ealization necessary for the evaluation

is shown in Fig. 3,4

-Grosskogel

-rPT-- 7-T~7-7-7F ~ 77~T77--rk --

" earth's surface

EW profile

(x) indicates the position of -the transmitter and (o) indicates

the individual points measured below ground as well as on the

-earth s surface.
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Fig. 3,4 shows that the depth which had to be introduced into

the calculation decreases for the individual pointi of

measurement. Despite the considerable idealization of the

present -problem, the course given in Table 3,2 and Fig. 3,1

shows that the points of measurement at distances of more

than 1.5 km are much better described by the new and improved

theory (allowing for the sky wave and ground wave) than by

the original dipole theory.

It will be the aim of further measurements with a more

powerful transmitter antenna which is now being built to study

the propagation over very great distances in detail.

In this case, only the ground wave yields a considerable

contribution to the propagation mechanism.

Table 3,1

= 5.10 - 5  - I m-1 ; transmitter - earth's surface 1000 m; f = 3 kc.

r- mJ Dipole 11 j TN6 7 measurement LWb/m 2 1

200 248010- 10 267010-1 3,8.10-12

316 626 657 2,8

405 306 314 1,5

620 81 92 0,38

740 45 5-1 0,21

850 31 34,2 0,13

91-0 23-,8 27,8 0,095

1-000 17 20,5 0,07

1-024 16,6 1-8,7 0,07

1180 10,3 10,-7 0,042

1275 7,87 6,08 0,C35
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Table 3,2

St. Gertraudi; h= 400 m, = I0-4j - i m- 1 £ = 3 ko, = 300

r L m] JIH E]i'io1 - 0 ' measurement LPV]

1000 11 ,5 0,45

1-100 8,81 o,445

1200 6,83 0,33

1400 4,23 0,262

1550 3,53 0, 348

1800 2,20 0,151

2000 1,5 0,088

2200 -,19 2 0,197

3000 0,507 0,058

3300 0,408 0,0197

4000 0030

77
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ZWEITER ORDThUG, Ann, d. Physik, vol. 41 , 1941

(3) H. Wfeyl, AUSBREITt'NG iLEKTROVIAGNETISCHER WVELLE11 UEBER

EINEM-EBLNEN LEITER, Ann. d-. Physik,1 vol. 60-,

1937

(3) A. Sommerfeld u. Rennet', STRAHLUNGSENERGIE IJND ERD-

ABSORPTION BEI DIPOLANTENHEN,

Ann. d. Physik, vol. 41, 1-941

(5) Kenneth G- Budden, WAVE GUIDE THEORY OF VLF-PROPAGATION,

Proceed-ings of the IRE, June 1957

(6) J. R.- Wait-, H.- H,. Howe, THE W-1AVFG-UIDE IMODE THEORY OF VLF

JONOSPHERIC-PRO PAGATrON't

Proceedings of the IRE, January 1-957

(7) J_ 1 R_ Wait. ELECT-ROMAGITIETIC 'WES IN -STRATTT-En, URT)TAal

(8) Schelkuncff-, ADVAYCED AITTENNIA THEORY,
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(9) J. R. Wait, A NEW METHOD IN MODE THEORY OF VLF-WAVES
PROPAGATION, Journal of Research of National

Bureau of Standards, Jan.--Febr. 1961 65 D

(10) J. R. Wait, MODE THEORY OF VLF-WAVES PROPAGATION FOR FINITE

GROUND CONDUCTIVITY, Proceedings of the IRE,

JunO 1951

(11) J. R. Wait and A. Murphy, GEOMETRICAL OPTICS OF VLF SKY

WAVE PROPAGATION, Proceedings of

the IRE, June 1951

(12) H. Volland, A COMPARISOIf BETTEEN MODE THEORY AND RAY THEOR.

OF VLF PROPAGATIO1, Journal of Research of

National Bureau of Standard, 1961/65

(13) J. R. Wait, THE ATTENUATION VS FREQUENCY CIIARACTERISTICS

OF RADIO VIAVES, Proceedings of the IRE, June 1957

(4R) .. Kerr Mooze, THEORY OF RADIO COMMUNICATION BETWTEEN

SUBMERGED SUB TARINES, Thesis of the Cornell

University, USA

(15) W. 0. 0chuhmann, UEBER DIE AUSBREITUNG SEHR LANGER ELEKTR.

WELLEN UNTD BLITZENTLADUNGEN UM DIE ERDE,

Zeitschrift fuer angewandte Physik, vol. 4.

1952

(16) Janis Galej-s, EXCITATION OF JLF AtTD ELF RADIO -JAVES BY

A HORIZONTAL MAGNETIC DIPOLE, journal of

Research of National Bureau of Standards,

June 1961 65D
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(17) D). Dobrett and A. Ishima-rn, %ST-,.7EST EFFE7T ON VLF MODE

TRANSMISSION ACROSS TKE EARTH--S MAGNETIC

FIELD, Jo~urnal ot' Research of' National

Bureau ofI Standards, ±'ebr. 1961 65D

(18) B. D. Crc'mbie, RE'LLCTION FTWOM A SHARPLY BOUN~DED IONOSPH'IRE

FOR VLP PRdOPAGATION PERPENDICULAR TO THE

M4AGN'ETIC ItRIDIAN, Journal of Research of

Na~tional Bureau of Standards, Okt.- 1961,

65D

(1-9) Y. L,. Alpert,- IEBER DI-E AUSBRDITUI ELEKTROMAGNETISCHER

- ELLMI 1'.1T ITIEDERER FREQUENZ UEBI2R 1ID

ERDOBERFLAECHE, Verlag der akademisoheL

Wissenschaften, Bloskau-, 1-955 (Auszlg)

(20) W. 0. Schumann, UBBER DIE OBERFELDER BEI DER AUSBREITUNG

LANCER ELEIKTR. W7ELLEIT ILI SYSTE11 ERDE-

LUBT~ - JOIJOSPHAERE, Zeit'schrift fuer

angewandte Physik 1954/6

(21) W. 0. Schumann, UBBER DIE AUSBREITLJNG LANGER EtIEKTR.

WELLEN UITD EIN TGE ANW1ENDUNGE1T AUF

SENDERINTERFRBIIZ UD BLITZSIGNALE,

Zeitsnhrift fuer arigewandte Physik

1954/6

(22) W.- 0-. Schumann,- UEB3R SPHAYRISCHE ELEKTROMAGNETISCHE

EIGM-4 SCHL7IGU1ITGEN IN RAEJMEI,- DIE

PLASM~A EUN2HA-LTElly Zeitschrift flier

Na-turforschune, 4a 1949



(23) E. T. Pierc--, THE PROFPAGATIOU OF RADIO WAVES OF FRETENCI

LESS THAIT I KG, Proce-edings of IRE, M~arch 1960

(24) WV. 0. Schumann,- UE'.ER DIE STRAI1LIJIGSLOSEN EIGENSCHWINGcUIZT\

EIllER KUGEL, DIE VON EINER LUFTSCHICHT MDN

LINER JOiIQSFHAERBNHtIELLE Ul"GEBE I' ST,

Zeitschrlft ±'uer Naturforsohung 7a, 1952

(25) R. King, RADIATIO11 RESISTENCEOF A TRANSIMISSION LIITE,

Proceedings of the IRE, Nov. 1951

(26) J-- S. Zelrose, FER-ROLMAGNETIC LOOP AERIALS FOR KILO114TTRIC

WAVES-) 17ix, less Engineer, Feb. 1955

(27) Ch. 17!. Harrison, AN APPROXIMATE REPRESENT ATION OF TH"

ELECTROMAGBETIC FIELD NEAR A SYM1i&ETRIC'i

.RADIATOR, Journal of' applied rhysios.

1944, July v('1. 15

(28) S. 'weinba-m- r SOLUTION OF DEFI111TE INTEGRALS INl AITEIMIA

THEORY, Journal of app. PysJan. 19,'/+.

15

(29-) D. D. King and R. Kina, TiI.INAL FUNICTIONS FOR ANTENliASI

Jo urnal of' appl. Physics,

"~v 944, vnl. 15

(30) F. F. Fulton-1 EFFECT CF RECLIVERi BANDffITH ON THE K;,FLIrLTD:

DISTRT-BVIfC'7 OF VLF AT11O1SPHIRTC 110ISE.

journal o:' ic3,arch of National Bureav o±f

!5TandaZ -xja. re, .;P- I V01. 65DL
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(31) A. S. Orange, L. A. Ames, GEOLOGICAL AND GEOPHYSICAL

FACTORS INFLUENCING DEDP STRATA COM4UN1ICATIONS;

AFCRL March 1962

(52) STUDIES IN DEEP STRATA RADIO COMMJUNICATIONS, Final report,

Oct. 1962. Raytheon.Companyt Norwood, Massachusetts

(33) R. W. Turner, SUBMARINE COIAIUNICATION ANTENNA SYSTEMS,

Proceedings of the IRE, May 1959

(34) Rabindra N. Ghose, THE LONG RANGE- SUB-SURFACE COMMUNICA-

TION" SYSTEM. Sixth national

communications symposium, Oct. 1960.

Utica, New York

(35) C. W. Pritchett, ATTENUATION OF RADIOFREQUENCY WAVES

THROUGH THE EARTH. Gerphysics Vol XVII,

April 1952. No 2

(36) Krajew, GRUNDLAGEN DER GEOELEKTRIK, VEB Verlag Berlin 1957.

(37) A. G. Tarkhov, Q & V0N GESTEINEN IN EL. WECHSELFELDERN.

(38) Evjen, H. M., THEORY AND PRACTICE OF LOW FREQUENCY ELECTRO-

MAGNETIC EXPLORATION. GEOPHYSICS 13.

(39) Koops, G. C., ON THE DISPERSION OF RESISTIVITY AND

DIELECTRIC CONSTANT OF SOME SEMI-CONDUCTORS AT

AUDIOFREQUENCIES:. Phys. Review, v. 83

(40) Smith-Rose, ELECTRICAL MEASUREMENTS ON SOIL WITH

ALTER1IATIi G CURRE TS. Inst. Elec. Engineers

Jouxn. 75
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(41) W. Buchheim, BESTI11UUNG DES SPEZ. WIDERSTANDES VO1

ANISOTROP 1XITENDEN AGOREGATEN NACH DER

4-PUNKTMETH. Geofisica pura e applicata (1947)

(42) Keller and Licastro, DIELECTRIC CONSTANT AND ELECTRICAL

RESISTIVITY OF NATURAL STATE CORES

Geological Survey Bulletin 1052-H

(43) Keller,, George V., ELECTRICAL PROPERTIES OF SANDSTONES O

THE MORRISON FORMATION. Geol. Suirv. Bull.

1052-J

(44) Lichtenecker, K., EL. LEITUNGSWIDERST. KUENSTL. UND NAT.

AGGREGATE, Phys. Zeitschrift 25

(45) I. Koenigsberger, ZUR 14ESSUING DER EL. LEITF. DU!qCH

INDUKTION. Phys. Z. XXXI.

(46) James R. VWait, TRANSIENT COUPLING IN GROUNDED CIRCUITS.

Geophysics 18

MUTUAL COUPLING OF LOOPS LYING ON THE GROID.

Geophysics 19.

(47) Kenneth L. Cook and Robert G. van Nostrand-, INTERPRETATION

OF RESISTIVITY DATA OVER FILLED SINKS.

Geophysics 19.

(48) Carpenter, E. W. SOME N1OTI2 CONCERNING THE -WENNER CONFIGURA-

TION. Geophysical prospection 3 (1955)

The publications (1) through (4) as vell as (14) prroved to be of
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principal impo.-tancj. The methods discussed therein were used

in Technical Notes Nos. d to 6. An exact study of (7) made us

acquainted with fundamental methods for the treatment of

transmission problems in general, and especially those in the

VLF range. The Mode Theory eYolained in (5), (6), (7), (9),

and (10) as well as the methods of VLF transmission in the

atmosphere between the earth's surface and the ionosphere

explained in (15), (16), and (19) through (24), where the

w are considered to be excited in the atmosphere, will te

important for further work because the theory may be extended to

excitation of the modes beyond the atmosphere-; interesting

results are expected to be gained by this extension. A

continuation of the above studies is planned but is hound to

the use of an electronic compurer which will be available at

the beginning of 1964. As yet, publications (17) and (18)

seem to be of little interest for our work. Publications (25)

through (30) as well as (8) deal with antenna problems.

In this connection it will he necessary to study an even la.rg r

number of publications.

The comprehensive report (e2) which we obtained just before going

to press naturally was of secial interest. It showed nn the

one hand-,- that the way we chose independently fcr describing

the propagation of VLF waves, has also been used by other

scientists. It proves, on the othe-r hand-, that a number of

questions must be answered before the problem can be looked

upon as being solved, although some problems can be sclved by



mcdif ying the ex-isting theory of the propagation and

excitation of VLF waves in the -atmosphere between earth and

ionosphere. This -holds both in theory and-practice,

especially for the antenna problem. A considerable improvement

of the effficiency of VLF antennas would be a great

advance in this field, which has not yet been made despite

-great efforts. For further studies of the excitation

problem=, emphasis must be laid nn improving the efficiency

of VLF antennas.

(32) solves the problem of the propagation of ele-ctromagnetic

waves in the interior of the earth in three different ways,

depend-ing on the geological structure and on the values of

the electrical parameter of the studied region:

(a) by the so-called UP-OVER MILD DOWN modes at a small

depth of transmitter and re-ceiver-, and at high conductivity

losses, a form of propagation R. K. Moore described in ths

thesis-.

Here, the dire:ct wave and the -wave reflected from the earth's

surface are neglected because of high exponential damping.

Hence, this theory can de-scribe propagation at high

-conductivities (a-pproximately that of sea water).

-(b) By the so-ca-lled- SHORT DISTANCE MODES at mediu-i ohmic

Slosses-. The field at the point of reception is composed of

a-dire-ct wave_,f a reflected wave, and a ground wave (we have

.aready descrmi:e& ,ha. f -.,-, or a-o'- : .

4,



-~- ythe- wave guide -theory-at -small -ohmic Ilosses, as i.s-

th ca se I-n -prapagation- -in the- -atmosphe-re --between. -earth- and-

i-lon-osphe-re-. 'The- geological structure- of' -the- ea-rth wVas

assumed- -to consis-ts of layers of diffe-rent- conduc-ti-vity -(a- laye r

ocz -comparatively -poor condu-ct-iv-ity- be-tween tw-o layers o-f -good

c ondu cti-vikty>

-(b)- -has- -already- -been worke- out- in-- 71 and :has- -been ad*-pt-ed. in

the -present report. .(a) and (c) are of less- interest L-or our

work,9 -because the -geologi-cal conditions are -not a-ppropriate.

Our measurements. are mainly carried: -out -with- the- conditii'ns

shown- i-n Fig. -4,.j-v Therefore we -are intended- -to -set -up a theemry

of -prrnpagation, -based on this st-ructurep which- wi;Ll be-t--te~r

correspond- t-o the actua-l -cond-ition-s:.

a-tmos-phere

.ground -wa-ter'
- ?L-ev el

Anothe-r problem- wilil -be to s-tudy the propagation in- a Ilayer-

with a- conductivit-y 6- i-o4-O 1  mhosa/m making a-llowances- for th-e

reflecotIon -from th-e ground- and by -the- ground-wate; evl

a-s we-li as _he Tfluence -of the inhe wh- -will exist

at l1eas t -for- large distances- (more -than- -5000 -m) with -the_

transmitter -and-- receiwe-r: at -corpaatIvely small (ete-ptlxs



Abs-trac-t

The present paper deal-s with measurements-concerning the propagE_-

tion of VLF -waves -through inhomogeneous rock-, -the -influence o-f

the eartht-s-surface being taken into account. These measurements

are compared with results of theoretical works. Furthermore,

conduc-tivi-ty -measuremeznts of -rock in- mines- are discussed and

oompar-ed: with the resul-ts-gained from propagaticn measurements.

The resul-te have been found. to agree well.-
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